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ABSTRACT 


The  design  of  human  organizations  in  which  members  perform  routine 
tasks  under  the  pressure  of  time  is  considered,  particularly  the  problem 
of  where  and  how  in  the  design  process  to  take  into  account  human  behavior 
and  limitations.  A  three-phase  design  approach  is  suggested.  In  the 
first  phase,  the  impact  of  human  characteristics  is  neglected  and 
attention  ia  focuaed  on  aspecta  of  organization  structure  that  are 
external  to  individual  membera.._j^  outcome  of  this  phase  is  a  set  of 
normative  deciaion  rules  that  specify  ideal'^hiran  behuvior.  ;>Im  the  second 
phase,  implementations  for  these  decision  rules  are  devised  and  modela  of 
actual  human  behavior  and  induced  workload  for  the  tasks  established  for 
each  member  are  developed.  The  descriptions  are  determined  as  a  function 
of  parameters  that  relate  to  features  of  the  task  set-up  and  to  the 
options  provided  to  the  member  for  accomplishing  bis  task.  A  final  design 
phase  places  these  parameters  for  best  organization  performance  and  in 
view  of  the  workload  limitations  of  individual  members.  The  result  is  an 
organization  design. 


The  three-phase  approach  has  been  formalized  as  a  multi-step 
methodology.  Discussion  and  illustration  it  given  for  each  design  step. 
In  addition,  the  methodology  it  ezerciaed  on  a  specific  problem  and  the 
resulting  organization  design  bat  been  built.  Operation  of  the 
organization  has  been  tested  under  several  conditions  and  experimentally 
observed  results  match  those  predicted  for  the  design,  which  in  turn 
supports  the  validity  of  the  design  approach i^.  ,  ' 
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I.  INTRODDCTION 


To  accomplish  tasks  that  are  too  large  and  complex  for  individaels, 
humans  have  devised  and  evolved  a  variety  of  organizational  strnctnres. 
These  strnctnres  range  froLi  strict  hierarchies  to  committees  to  matrices, 
and  have  been  applied  to  mannfactnring.  governmental,  and  research  tasks. 
Some  strnctnres  are  more  snited  to  certain  tasks  than  others,  and  this 
observation  leads  natnrally  to  the  analysis  of  organizational  strnctnres, 
with  an  eventnal  goal  of  pnrposefnl  design  for  specific  tasks.  Despite 
their  proliferation,  however,  organizations  have  not  readily  yielded  to 
the  development  of  rigorons  analysis  and  design  techniqnes.  This  is  dne 
in  part  to  the  inherent  complexity  of  sitnations  where  individnals  are 
reqnired  to  coordinate  their  efforts  so  that  some  overall  goal  is 

achieved.  Another  factor  is  the  necessity  to  assess  whether  individnals 
within  the  organization  are  capable  of  doing  their  assigned  jobs;  that 
is,  whether  indnced  workload  is  within  the  limits  of  each  member. 

A  goal  of  this  thesis  is  to  develop  a  framework  and  methodology  for 
organization  analysis  and  design  that  is  appropriate  for  a  particnlar 

class  of  organizations.  Specifically,  consideration  is  restricted  to 

those  organizations,  or  more  generally,  man-machine  systems,  that  (a) 
involve  hnman  information  processing  tasks  as  integral  to  their  operation, 
(b)  incorporate  a  well-defined  organizational  goal  held  by  all  members  (a 
team)  and  (c)  have  a  short  amount  time  available  for  individual 
information  processing  tasks,  e.g.  a  few  seconds  or  minutes.  In  addition, 
it  it  assumed  that  the  overall  task  of  the  system  is  such  that  an 

individual  cannot  do  it  alone,  that  some  form  of  coordination  is  required 
among  organisation  members  and  that  the  information  processing  tasks  are 
predominantly  routine,  i.e.  are  auch  that  humans  can  be  trained  to  execute 
them  in  a  apecified  manner.  Finally,  the  size  of  the  organizations  under 
consideration  is  taken  to  be  small,  say  a  few  members. 

As  an  example  of  the  type  of  systems  that  are  under  investigation, 
consider  a  generic  situation  where  control  is  desired  for  the  enroute 


•ircrtft  within  a  particnlar  geographical  area.  Such  a  situation  it 
represented  in  Figure  1.1.  Aircraft  approach  and  pass  through  the 


Figure  1.1  An  Enronte  Air  Traffic  Control  Problem 


geographical  area,  each  with  individual  flight  paths  and  speeds.  The 
overall  organizational  goal  it  to  maintain  traffic  separation  with  an 
extremely  low  near-mist  probability.  Furthermore,  it  it  determined  that 
humans  are  to  be  given  this  job,  and  that  the  situation  requires  more  than 
one.  Thus  an  organization  it  constituted,  such  as  the  one  shown  in  Figure 
1.2.  Each  organization  member  is  given  primary  responsibility  for  a  part 


hit  refioB.  However,  at  aircraft  aove  froai  one  area  to  the  next,  it  it 
necettary  for  each  controller  to  eoanianicate  to  controllera  of  adjacent 
treat  for  pnrpotea  of  coordination  and  amooth  handoff  of  traffic.  Theae 
taaha  are  priaarily  inforaation  procetting  oneas  the  controller  it 
required  to  abaorb  inforaation,  either  vianal  or  auditory,  and  then  nae  it 
to  aaaeaa  the  aitnation  and  aahe  appropriate  reaponaea  that  keep  traffic 
flow  orderly.  Indeed,  there  it  a  ainiaua  of  creative  activity  in  the 
aenae  of  problea-aolving .  At  part  of  the  organization  detign,  the 
controller  ia  trained  to  recognize  alaoat  all  aitnationa  which  ariae  and 
to  deal  with  then  in  a  apecific,  well-defined  Banner.  Finally,  given  the 
high  apeed  and  denaity  of  aircraft,  controllera  are  nnder  the  preaanre  of 
tiae  to  proceaa  incoaing  inforaation.  Tbna  the  aitnation  ia  of  the  type 
nnder  conaideration  in  thia  theaia,  and  ia  one  to  which  the  aethodology 
deacribed  in  the  following  chaptera  conld  be  applied. 

Other  ezaaplea  of  the  type  of  organization  nnder  conaideration  can  be 
fonnd  within  the  reala  of  ailitary  coaiaand,  control,  and  coaannicationa 
ayateaa,  particnlarly  thoae  that  operate  in  a  tactical  environaent.  There 
the  coaaon  organization  goal  ia  often  atated  aa  a  aiaaion  objective.  Nia- 
aion  reapona ibilit iea  are  aaaigned  to  individual  coaaandera.  The  ongoing 
battle  reqnirea  that  deciaiona  be  aade  quickly,  but  alao  in  a  coordinated 
Banner  ao  that  the  overall  aiaaion  aight  be  accoapliahed . 

A  qneation  that  ia  baaic  to  the  deaign  of  ancb  ayateaa  ia  the 
partitioning  of  the  overall  ayatea  taak  ao  that  it  can  be  accoapliahed, 
not  only  aatiafactorily  according  to  aoae  deaign  criterion,  but  alao  with 
aoae  aaanrance  that  hnaan  workload  liaitationa  will  not  be  exceeded.  Ac 
atated  earlier,  a  goal  of  thia  theaia  ia  to  provide  a  aethod  for  analyzing 
and  Baking  any  neceaaary  tradeoffa  between  organization  perforaance  and 
hnaun  workload.  The  next  cectiona  outline  the  baaic  approach  of  the 
theaia  toward  thia  goal. 


1.1  A  Three-Phase  View  of  Orgaoizetioo  Desi|n 


Among  the  itsaes  that  aost  be  resolwed  in  the  process  of  designing  a 
hnaan  information  processing  organization  is  that  of  how.  where,  and  to 
what  extent  in  the  process  consideration  of  hnaan  characteristics  and 
limitations  should  be  included.  At  one  extreme  is  the  policy  of  dealing 
with  the  coaplcxitiea  of  hnaan  behavior  from  the  ontset  of  the  design 
process.  At  the  other  extreme  is  a  policy  of  essentially  neglecting  the 
fact  that  humans  will  be  part  of  the  organization,  and  assuming  that 
members  will  be  able  to  perform  any  task  that  is  assigned  to  them.  The 
advantage  of  the  former  approach  is  that  the  design  will  likely  be  one  in 
which  individual  member  tasks  are  within  workload  limits.  Arriving  at 
such  a  design,  however,  involves  consideration  of  the  complexities  of  all 
aspects  of  human  behavior  at  each  design  step.  This  can  be  tedious  and 
time-consuming,  and  in  the  end  largely  unnecessary.  On  the  other  hand,  an 
approach  at  the  latter  extreme  offers  the  advantage  of  relative  simplicity 
because  a  number  of  issues  are  neglected.  There  it  no  real  assurance, 
however,  that  the  final  design  will  be  realized  as  expected  because  of 
differences  in  actual  human  behavior  from  that  which  was  desired  or 
assumed. 

There  it  considerable  middle  ground  between  these  two  extremes,  and 
this  thesis  suggests  a  design  approach  that  attempts  to  preserve  some  of 
the  advantages  of  both,  while  minimizing  the  disadvantages.  The  basic 
idea  ia  to  aeparate  deaign  into  three  distinct  parts,  or  phases.  The 
first,  a  top-down  phase,  is  one  that  neglects  human  limitations  and 
focuses  on  other  organization  issues,  such  as  basic  structure  and  inter¬ 
member  interactions.  The  second  is  a  bottom-up  phase,  in  which  the 
complexities  of  human  behavior  are  dealt  with,  but  in  a  focused  manner 
that  considers  only  single  parts  of  the  organization  and  only  directly 
relevant  aspects  of  human  behavior  at  a  time.  A  third  phase  is  needed  to 
integrate  the  results  of  the  first  two  and  to  ensure  that  they  converge. 

The  three  phase  approach  to  organization  design  pnrsned  in  this 
thesis  is  illustrated  in  Figure  1.3.  Given  a  (possibly  general)  statement 
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Figure  1.3  Three-Phase  Organization  Design  Process 

of  the  task  for  which  an  organization  is  desired,  the  first  phase  in  the 
process  establishes  basic  features  of  the  organization  structure  and 
expresses  them  in  analytic  (i.e.  mathematical)  terms.  Such  features 
include  the  number  of  members,  their  interconnections  and  their  respective 
protocols  for  interaction.  Taken  together,  they  constitute  the  analytic 
organization  strnctnre.  A  second  aspect  of  Phase  I  is  to  determine  how 
the  inputs  available  to  each  member  should  be  processed  to  generate 
outputs  that  may  be  passed  to  other  members.  This  is  done  with  respect  to 
performance  goals,  and  results  in  a  set  of  decision  rules  that  represent 
the  desired  behavior  of  each  member.  Phat'.e  I  is  thus  normative  in  nature 
and  yields  job  descriptions,  in  the  form  of  decision  rules,  that  serve  as 
a  target  for  actual  human  behavior. 


Having  determined,  in  the  form  of  a  decision  rule,  the  information 
processing  that  each  member  ought  to  perform,  the  second  phase  of  design 
aims  to  implement  decision  rules.  "Implementation”  refers  to  the 
specification  of  a  collection  of  physical  equipment,  such  as  displays  and 
response  mechanisms,  that  the  hnman  is  to  nse  In  order  to  accomplish  the 
processing  required  by  the  decision  rule.  Also  included  is  the  iauaediate 
surroundings  in  which  the  equipment  and  the  hnman  are  placed.  Taken 
together,  these  elements  are  a  member’s  task  situation. 


Given  a  task  situation,  a  aodel  is  then  developed  that  relates 
eleaents  of  the  task  sitnation  to  an  organization  aster’s  actual 
behavior.  This  aodel.  teraed  the  inforaation  processing  aodel,  has  two 
coaponents.  The  first  is  a  description  of  the  actnal  inpnt/ontpnt 
behavior  realized.  The  aecond  is  a  aeasnre  of  the  workload  indnced  by 
task  ezecntion.  Since  hnaans  are  liaited  in  their  inforaation  processing 
ability,  there  will  also  be  associated  with  this  aeasnre  a 
characterization  of  the  aaziana  workload  allowable  without  overloading  the 
aeaber.  In  general,  inforaation  processing  descriptions  will  depend  on 
settings  of  paraaeters  that  are  part  of  the  physical  task  set-np,  that  is, 
on  task  sitnation  paraaeters.  They  will  also  be  subject  to  variation  doe 
to  the  way  an  organization  aeaber  chooses  to  perfora  his  task,  i.e.  there 
will  exist  inforaation  processing  paraaeters.  Phase  II  is  thus  one  that 
involves  hnaan  aodeling.  As  such  it  is  labelled  the  descriptive  phase  in 
the  design  process.  By  first  deriving  a  job  description  for  each  aeaber, 
however,  there  exists  a  focus  for  both  the  specification  and  aodeling  of 
individual  organization  aeaber  tasks. 

The  first  two  phases  of  design  result  in  distinct,  though  related, 
design  eleaents.  On  the  one  hand  is  an  analytic  organization  structure, 
which  has  been  developed  assnaing  ideal  hnaan  behavior.  On  the  other  is  a 
set  of  iapleaentations  of  decision  rnles  that  have  been  constructed  so 
that  actual  hnaan  behavior  can  aatch  as  closely  as  possible  that  which  is 
desired.  The  aatch  is  not  necessarily  perfect,  particularly  given  huaan 
workload  liaitations.  Thns  a  third  phase  is  necessary  to  integrate  design 
eleaents  in  order  to  coaplete  the  organization  design.  In  this  phase  the 
descriptions  of  actual  input/ontpnt  behavior  are  substituted  for  the 
decision  rnles  in  the  analytic  organization  structure  and  the  atrnctnre 
itself  is  angaented  with  the  workload  aodels.  Then  task  situation  and 
Inforaation  processing  paraaeters  are  placed,  subject  to  constraints  in 
the  workload  aodels,  so  that  organisation  perforaance  is  optiaised.  The 
result  is  a  noainal  organization  design  that  can  be  evaluated  with  respect 
to  design  goals.  If  the  noainal  design  is  deterained  to  satisfy 
organisation  goals,  then  Phase  III  of  the  design  process  terainates, 
yielding  a  satisfactory  noainal  design. 


Tlie  organization  design  approach  incorporates  both  of  the  eztreaes 
possible  for  handling  hnaan  behavior  and  lisiitations .  Phase  I  essentially 
neglects  the  fact  that  hnaans  will  be  part  of  the  organization,  except  to 
define  sets  of  inputs  and  sets  of  ontpnts  and  to  deteraine  desired 
transforaations  froa  inputs  to  outputs.  Were  the  design  process  to 
terainate  at  this  point*  there  vould  be  no  assurance  that  the  decision 
rules  obtained  could  be  realized  huaan  by  organization  aeabersi  indeed,  no 
physical  aeans  vould  have  even  been  specified  for  thea  to  try.  Phase  II 
addresses  this  issue  and  in  ao  doing  gives  due  consideration  to  the 
realities  of  hnaan  behavior,  but  the  effort  is  focused  on  iapleaentation 
of  specific  decision  roles.  Finally.  Phase  III  brings  the  two  eztreaes 
together,  vith  the  result  that  a  design  is  obtained  that  has  accounted  for 
huaan  behavior,  but  which  has  done  ao  in  a  consistent  and  aysteaatic 
aanner.  Note  that,  because  of  the  separation  into  noraative  and 
descriptive  phases  aade  for  pragaatic  reasons,  the  design  obtained  is  not 
truly  optiaal  in  the  sense  that  the  best  possible  coabination  of 
topological  structure,  physical  equipaent,  huaan  behavior,  etc.  has  been 
asseabled  to  accoaplish  aoae  specific  task,  lather,  the  design  is  one  (of 
possibly  aany)  that  is  acceptable  vith  respect  to  design  goals. 

Key  steps  can  be  identified  for  successful  execution  of  each  design 
phase.  These  steps  are  foraalized  in  the  next  section  as  a  aethodology 
for  organization  design. 

1.2  A  Methodology  for  Organisation  Design 

Based  on  the  three-phase  approach  to  organization  design,  the 
aethodology  shovn  in  Figure  1.4  has  been  devised.  The  following 
paragraphs  briefly  describe  each  aethodology  step.  The  purpose  here  is  to 
provide  an  overview  and  to  establish  a  conceptual  fraaevork  and  notation. 
More  detailed  diaenssion  is  contained  in  subsequent  chapters,  along  vith 
exaaples  of  execution  of  each  aethodology  step. 


Given  :  Orgenizetion  Teek 

-  Goals  for  design 

-  Operating  environaent 


Specify:  Analytic  Organisation  Strnctnre 

-  Nnaber  of  aeabers 

-  Interaeaber  interaction  variables  z^  and  characteristics 

-  Environaent-aeaber  interaction  variables  y^  and  characteristics 

-  Response  variables  to  other  aeabers  n^  and  to  environaent  V| 


Deteraine:  Decision  Rules 

-  Foranlate  perforaance  criteria 


^  N 

-  T,  *  argain 

-  Y  •  ^ol>  descriptions 


Evalnate:  Noraiative  Perforaance 


Devise:  Task  Sitnations 

-  Task  situation  paraaeters  0^ 


Develop:  Inforaation  Processing  Models 
>  Inforaation  processing  paraaeters 

-  Actual  I/O  aapping:  ki(9i 

-  Induced  workload: 

-  Liait  to  workload:  w^ 


Integrate:  Design  Eleaents 

-  ain  J(k(0,X.»^» «)»«”) 

N 

s.t.  Wj<ej.Xj,»i,ni)  i  wj 

-  Noainal  design:  0  ■  0®,  X  “  X® 


Evalnate:  Noainal  Design 

-  J^(k(e®,X®,a**,H®).«")  vs.  j 


Modify:  Design  Eleaents 

-  Select  aodification  type 


Figure  1.4  Organization  Design  Methodology 


1.2.1  Phase  1 


Steps  A-D  Ib  the  aethodology  are  part  of  Phase  I.  In  Step  k,  the 
designer  is  presented  with  a  task  for  which  an  organization  is  desired, 
along  with  statewents  of  general  objectiwes  of  the  design  and  the  expected 
organization  operating  environaent.  These  stateaents  are  the  point  of 
departnre  for  the  design  process.  Snbseqnent  choices  in  design  will 
ewentnally  be  aade  and  ewalnated  based  on  the  designer's  interpretation  of 
thea. 


The  first  set  of  choices  occnrs  in  Step  B,  where  an  analytic 
organization  strnctnre  is  specified.  Fignre  l.S  illnstrates  in  a 
conceptnal  way  the  eleaents  of  such  a  strnctnre  for  a  three-aeaber 
organization.  Meabers  perfora  their  tasks  within  their  respectiwc 
enyironaents  E^.  In  general,  however,  aspects  of  an  individnal's 
environaent  can  be  held  in  coaaon  with  other  aeabers,  as  indicated  by  the 
intersections  of  the  E^. 


Fignre  1.5  Concept  of  Analytic  Organization  Strnctnre 

Meabers  receive  interactions  froa  two  different  aonrces.  One  is  froa 
their  iaaediate  environaents  as  represented  by  the  variables  y^. 
Characteristics  of  the  environaent  that  are  relevant  to  these  interactions 


are  represented  by  the  paraaeters  a,. 


latersctiOBs  also  arrive  froa  other 


organizatlOB  aeabera.  These  are  represeoted  by  the  Tariables  aod 

releeaBt  eharaeteristica  of  these  iateraetioas  are  represeated  by 
lacloded  ia  «£  aad  iij  are  the  statistical  characteristics  of  the 
respectiye  iateractioa  Tariables.  Orgaaizatioa  aeabers  respoad  to  their 
aaTiroBaeats  throagh  the  decision  Tariables  t^^  and  to  other  aeabers 
throagh  the  decisioa  Tariables  n^. 

Thas  ia  teras  of  Fignre  1.5  the  specif icatioa  of  aa  aaalytic 
orgaaizatiOB  atractnre  iaclades  the  deteraiaatioa  of  the  aa^er  of 
orgaaizatioa  aeabers  aad  of  the  Tariables  y^,  a^.  t^,  z^.  Froa  the 
stateaeat  of  the  desiga  problea.  noainal  Talaes  for  the  enTiroaaeatal 
paraaeters,  are  also  iaplied.  All  of  this  is  doae,  of  coarse,  with 
the  goal  of  accoaplishiag  the  OTerall  iaforaatioa  process iag  task  of  the 
orgaaizatioa. 

A  key  eleaeat  that  is  aot  specified  ia  Step  B  is  how  iadiTidaal 
aeabers  shoald  respoad  whea  partiealar  iateraetioas  are  receiTed.  The 
deteraiaatioa  of  Talaes  for  a^  aad  T|  froa  Talaes  of  z^  aad  y^  is  the 
iaforaatioa  processing  task  of  organization  neaber  i.  This  processing  is 
abstractly  represented  by  the  aapping  selection  of  the  desired  aappiag 
for  aeaber  i  is  aade  in  Step  C.  This  is  done  with  respect  to  the 
organization  perforaance  criterion  which  has  been  foraalated  in  wiew 
of  design  gosls.  aast  be  ezpressed  as  a  faactioa  of  y  and  w.  which 
collectiTCly  designate  and  respectiTely.  The  optiaal  inpat/oatpat 
aappings,  designated  y*  and  referred  to  as  decision  rales,  are  obtained  by 
optiaizing  ower  y,  with  m  fixed  at  its  noainal  walae  a  . 

A  final  atep  ia  Phase  I  is  Step  D,  which  coapares  the  perforaance 
obtained  ia  Step  C  with  that  which  is  desired.  If  J^(y*.«^)  does  not  aeet 
perforaance  goals,  then  a  rewiaion  in  the  organization  strnctare  is 

necessary. 
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1.2.2  Phase  II 


There  are  t«o  aethodology  steps  associated  with  Phase  II.  Recall 
that  this  phase  accoaplishes  the  iapleaentation  of  decision  rnles.  In 
teras  of  the  foraalisa  described  above,  the  optiaal  inpnt/ontpnt  aappings 
T**  which  represent  ideal  aeaber  behavior,  are  replaced  with 
representations  of  actual  behavior.  This  is  illnstrated  for  one 
organization  aeaber  in  Figure  1.6.  The  variables  n^,  v^,  y^,  and  z^ 


TS:  Task  Situation 

IPli*  Information 
Protessin^  Model 


Figure  1.6  Deciaion  Rule  Iapleaentation 

reaain  unchanged,  as  do  and  n^.  However,  a  two-level  atructnre  has 
replaced  y^,  and  each  level  is  associated  wih  a  aethodology  step.  In  Step 
E,  a  task  situation  Is  devised  for  the  decision  rule.  Associated  with 
this  physical  aetting  are  a  nuaber  of  paraaeters  9^  that  repreaent 
characteriatics  of  the  aituation  that  are  to  be  deterained  at  a  later 
point  in  the  design  process. 


For  the  task  aituation  devised,  an  inforaation  procesaing  aodel  is 
developed  in  Step  F  of  the  aethodology.  In  general,  both  eleaents  of  this 
aodel  -  an  actual  input/output  aapping  for  the  taak  aituation  and  a 
workload  aeaaure  -  depend  on  the  settings  of  paraaeters  Oj.  Fnrtheraore, 
they  also  depend  on  characteristics  of  the  huaan  organization  aeaber  and 
the  way  he  perforas  the  inforaation  processing  within  his  task.  These 
characteristics  are  collectively  represented  by  inforaation  processing 
paraaeters  X^.  Finally,  the  actual  behavior  realized  by  an  organization 
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MBbcr  will  alto  ia  gtoertl  be  affected  by  envirosaental  cbaracteristici 
and  the  eharacteristiea  of  inter-aeaber  interactions.  As  a  resnlt,  the 


descriptions  of  inpnt/ontput  behawior.  denoted  by  and  workload, 

denoted  by  w^,  will  be  fonctions  of  6|,  W|,  and  n^: 

k|  >  k|(0|,X^,«»^.fi^)  (1.1) 

w^  *  W£  (0£ ,  X^  ,  It  £ )  (1.2) 

In  addition,  the  workload  eleaent  of  the  aodel  will  have  associated  with 
it  a  liait,  or  saturation  point,  denoted  by 


1.2.3  Phase  III 

Given  the  organization  design  eleaents  developed  in  Phases  I  and  II, 
Step  G  accoaplishes  their  integration  by  substituting  k<  for  y*  in  and 

adding  the  workload  aeasnres  as  constraints.  Organization  perforaance  is 
then  optiaized  by  placing  the  task  sitoation  paraaeters  8  and  the 
inforaation  processing  paraaeters  X  with  respect  to  perforaance  and  ia 
view  of  workload  liaitations.  The  solntion  to  this  constrained 
optiaization  problea  is  given  by  9^  and  X^.  With  these  quantities  fixed 
as  part  of  the  organization  strnctnre,  and  with  a  >  a  ,  a  noaiaal 
organization  design  results. 

Step  H  evalnates  the  aoainal  design  with  respect  to  design  goals. 
Such  goals  aay,  for  ezaaple,  iapose  reqnireaents  on  organization  operation 

fa 

when  a  varies  froa  a*^.  If  all  goals  are  satisfied,  the  aethodology 
terainates.  If  the  design  is  found  to  be  unsatisfactory,  then  Step  I  is 
executed.  In  this  latter  step,  a  diagnostic  function  is  perforaed. 
whereby  the  design's  deficiencies  are  used  to  select  particular 
aodlficatioas  to  be  aade  in  design  eleaents.  Depending  on  the  type  of 
aodificatlon  selected,  consideration  then  returns  to  a  previous 
aethodology  step,  and  the  design  process  iterates  until  a  satisfactory 
noainal  design  is  obtained. 


1.3  DiicnstioB 


Subsequent  cbepters  in  the  thesis  discuss  the  aethodology  in  detsil 
In  this  section  an  OTerniev  of  the  the  aain  focns  and  theses  of  the  thesis 
is  given  and  farther  consents  of  a  general  nature  are  offered  regarding 
the  aethodology  and  the  viewpoint  taken  with  respect  to  hnnans  as  part  of 
organizations . 

1.3.1  Overview  of  Thesis 

Ezecntion  of  the  methodology  described  in  the  previous  section 
touches  on  a  number  of  complex  questions  and  in  general  requires  a  great 
deal  of  judgement  at  each  design  step.  Issues  that  can  be  raised  cover  a 
full  spectrum,  from  the  theoretical  to  the  behavioral.  In  Phase  I,  for 
example,  the  modeling  problem  of  defining  interactions  between 
decisionmakers  is  encountered,  as  well  as  the  msthenatical  problem  of 
solving  for  optimal  team  decision  rules  in  a  distributed  setting.  In 
Phase  II,  the  designer  is  required  to  understand  and  quantitatively  model 
human  behavior,  which  is  usually  not  straightforward  in  even  the  most 
unassuming  situations.  Finally,  Phase  III  involves  the  msthematical 
solution  of  a  complex,  nonlinear,  constrained  optimization  problem,  which 
often  poses  difficulties. 

While  each  methodology  step  is  discussed  in  subsequent  chapters  and 
suggestions  are  made  regarding  its  execution,  the  focus  of  the  thesis  is 
not  in  providing  a  general  ready-to-use  technique  for  organization  design. 
This  is  well  beyond  the  thesis  scope.  The  main  goal,  however,  is  to 
provide  a  aubstantial  argument  for  the  methodology  as  an  approach  to 
organization  design.  The  argument  is  made  in  part  by  discussing  the 
methodology  in  general  terms,  by  relating  methodology  steps  to  specific 
technical  disciplines,  and  by  indicating  how  methodology  steps  might  be 
carried  out  in  terms  of  specific  classes  of  structures.  An  additional, 
and  perhaps  more  convincing,  aspect  of  the  argument  is  that  the 


■etbodology  bat  io  fact  been  executed  aocceeafnlly  os  a  epecific  desiga 
problea. 

Tbos  tbe  contribstion  of  tbia  tbesis  is  tvofold.  First,  it  is  tbe 
design  aetbodology  itself,  or  aore  precisely,  tbe  separation  of  tbe  design 
process  into  noraative.  descriptive  and  integrative  phases.  This 
separation  allows  tbe  designer  to  consider  issues  related  to  basic 
organisation  topology  and  strnctnre  vitbont  having  to  consider 
sianltaneonsly  bnaan  inforaation  processing  behavior.  Fnrtberaore.  tbe 
noraative  phase  provides  a  foens.  in  tbe  fora  of  a  job  description,  to 
guide  the  developaent  of  the  inforaation  processing  task  for  each  aeaber. 
Tbe  third,  integrative  phase  provides  for  tbe  synthesis,  in  a  balanced 
way.  of  considerations  of  organisation  strnctnre  with  considerations  of 
bnaan  workload.  In  this  phase  tbe  designer  is  able  to  view  existing 
relationships  between  individnal  workload  and  organization  perforaance  and 
to  explore  varions  alternatives  in  trading  one  for  tbe  other.  The  ability 
to  investigate  and  aake  snch  tradeoffs  is  a  key  advantage  of  the 
aethodology. 

A  second  aspect  of  the  thesis  coatribntion  is  that  the  design 
aethodology' s  viability  does  not  rest  on  conceptnal  argnaests  alone.  It 
has.  in  fact,  been  need  snccessfnlly  to  design  en  organization  that  has 
anbseqnently  been  tested  and  found  to  operate  as  expected.  Is  particular, 
this  provides  support  for  the  integrative  phase  of  the  design  process, 
since  this  phase  in  effect  aust  predict  organization  behavior  in  order  to 
aelect  the  noainal  design  solution.  The  fact  that  snch  predictions  are 
found  to  be  valid  provides  evidence  in  support  of  the  aethodology's 
viability. 

In  support  of  the  aajor  theaes  of  the  thesis,  a  ease  study  has  been 
aade  of  a  specific  tesa  theoretic  problea  in  which  processing  load 
descriptions  for  each  aeaber  have  been  added.  A  constrained  optiaization 
problea  haa  been  foraulated  and  solution  properties  have  been 
characterised.  Besnlts  of  the  Inveatigatioa  illnalaate  possible  workload- 
perforaance  relationships  in  a  particular  teaa  strnctnre.  In  addition. 
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tbe  problea  cxaaiacd  ia  tbe  cate  atady  it  a  aatbeaatical  abstract ioa  of 
the  apecific  desiga  azaaple  of  tbe  thesis  aad  tbe  -esalts  of  the  foraer 
have  beea  ased  ia  sapport  of  tbe  latter. 

1.3.2  Huaaas  as  Orgaaizatioa  Coapoaeats 

la  this  thesis,  the  poiat  of  vie*  is  takea  that  haaans  are  to  be 
regarded  as  coapoaeats  aitbia  a  larger  systea.  Sack  a  Tiewpoiat  is 
aaalogoas  to  that  of  iaeestigators  vorkiag  with  aaaaal  coatrol  probleas, 
vbere  tbe  coacept  of  a  haaaa  operator  traasfer  faactioa  is  a  faailiar  oae 
(e.g.  see  [1]).  Here,  however,  the  esseatial  faactioa  of  the  haaaa  is 
that  of  iaforaatioa  processiag.  Fartheraore.  the  tasks  are  assaaed  to  be 
roatiae.  i.e.  aot  highly  cogaitive.  Thas  ia  the  saae  sease  that  traasfer 
faactioas  characterize  behavior  ia  aaaaal  coatrol  tasks,  iapat/oatpat 
aappiags  will  be  ased  ia  the  preseat  coatezt  to  characterize  iaforaatioa 
processiag  tasks. 

Froa  the  descriptioa  of  the  aethodology.  it  is  evideat  that  the 
decisioa  rales  that  resalt  froa  Phase  I  (tbe  aoraative  desiga  phase)  are 
vell-defiaed.  The  qaestioa  thea  arises  as  to  whether  tbe  haaaa  is  really 
aecessary  at  all.  That  is.  if  the  desired  iapat/oatpat  behavior  of  each 
orgaaizatioa  aeaber  is  kaowa  as  a  aolatioa  to  a  well-foraalated 
optiaizatioa  problea.  why  aot  iapleaeat  it  ia  hardware  or  software  (aad 
by-p«s>  Phases  II  aad  111)7  To  resolve  this  issae.  oae  aast  look  beyoad 
the  basic  desiga  aethodology.  The  aoaiaal  orgaaizatioa  desiga  is 
appropriate  for  the  specific  orgaaizatioa  task  defiaed  ia  Step  A. 
However,  a  givea  orgaaizatioa  aay  be  reqaired  to  perfora  aaay  tasks,  eacb 
of  which  spaas  a  differeat  period  of  tiae.  For  ezaaple.  a  coaaaad  aad 
coatrol  orgaaizatioa  is  called  epoa  to  carry  oat  differeat  aissioas 
depeadlag  oa  particalar  battle  sitastioas.  high  level  coaaaads  issaed. 
etc.  la  sach  a  sitaatioa.  the  basic  orgaaizatioa  stractare  does  ao: 
ehaagei  iastead.  the  way  it  is  ased  chaages.  Fartheraore.  the  haaaa 
coapoaeats  provide  the  adaptability  reqaired  to  aake  these  chaages.  Thas. 
for  a  givea  orgaaizatioa  task,  the  desiga  that  resalts  froa  Steps  A~I 


•Btnrei  that  the  huasi  in  the  oxgaaitation  are  able  execute  their 
reapectire  indieldnal  taaha.  The  fact  that  haaa&t  are  pert  of  the 
orgaBixatioB  peraits  the  haalc  orgaBixatiOB  atrsctore  to  awitcb  to  a 
dlffereBt  orgaBixatloB  tack,  if  Beceaaarp. 

Aaother.  aad  perhapa  aore  coapelliag.  reatOB  for  explicitly  iBcladiag 
hsaaBa  la  alto  depeadeBt  ob  their  adaptability.  While  aott  of  the 
iaforaatioa  proceaalBg  required  for  the  types  of  orgaBixatioat  uader 
coatideratioB  caa  ba  regarded  at  routiBe,  there  aay  be  aovel  eituatioas 
that  arise  occasioaally.  These  reqaire  higher  level  huaaB  problea-solviBg 
skills  la  order  to  be  resolved.  It  is  la  the  eveat  of  these  situatioas 
that  huaaas  have  beea  iacluded  la  the  orgaaixatioa  at  'active  coapoaeats' 
ia  the  flrat  place.  Hovever.  evea  though  their  aaia  purpose  it  to  haadle 
uaexpected  situatioas.  huaaas  are  also  required  to  haadle  the  roatiae 
altuatloBS  that  predoaiaata  aa  the  orgaaixatioa  accoaplishes  its  task. 
This  thesis  is  coaceraed  with  the  problea  of  guaraateeiag  that  the  routiae 
situatioas  preseated  to  the  orgaaixatioa  caa  be  processed  satisfactorily. 
The  coBSideratiOB  of  hov  aa  orgaaixatioa  ahould  process  aovel  situatioas 
is  beyoad  the  scope  of  the  preseat  iavestigatloa. 

1.3.3  lateaded  Positioa  of  Methodology  la  Oesiga  Process 

The  process  of  desiga  proceeds  by  stages,  froa  first  coaceptioa  to 
flasl  iapleaeatatloa.  The  Methodology  outliaed  here  for  orgsaixetioa 
desiga  is  lateaded  to  be  used  at  aa  early  stage  ia  the  process.  Phase  I 
serves  to  test  the  basic  feasibility  of  a  particular  orgaaixatioa 
atructure.  Phases  II  sad  III  ealarge  the  scope  of  aaalysis  to  iaclude 
coBsideratioas  relatiag  to  the  preseace  of  huaaas  vithia  the  orgaaixatioa. 
Ohce  a  aatisfactory  aoaiaal  deaiga  is  obtaiaed.  hovever.  the  desiga 
process  ia  aot  over.  Subsequeat  steps,  such  as  detailed  siaulstioa  or 
prototype  baildiag  aad  teatiag.  will  ia  geaeral  be  aecessary  before  fiaal 
iapleaeatatloa  is  realised.  The  poiat  here  is  that  ao  claia  is  aade  that 
exeeutioa  of  the  aethodology  vill  result  la  a  *ready-to-use*  desiga. 
Mather,  the  lateaded  purpose  is  to  occupy  a  place  ia  the  desiga  process 


where  the  scope  of  eaelyticel  cons ideret ion  is  extended  to  include,  in 
soae  aeature,  hnasn  hehsyior.  By  incorporst ing  descriptions  of  hniisn 
hehsTior  explicitly  within  sn  snslytic  frsaework,  it  is  believed  thst 
Tslnsble  insight  into  likely  orgsnizstion  behsvior  csn  be  obtained  for 
purposes  of  design. 

1.4  Outline  of  Thesis 

The  thesis  is  organised  as  follows.  Chapters  two  through  four 
consider  each  of  the  three  phases  of  organization  design,  beginning  in 
chapter  two  with  Phase  I  (Steps  A-D)  of  the  aethodology.  Chapter  three 
considers  Phase  II  (Steps  E-F)  and  the  third  phase  (Steps  G-I)  of  design 
appears  in  chapter  four. 

Chapters  two  and  three  have  a  parallel  structure.  The  first  section 
in  each  discusses  the  corresponding  aethodology  steps  in  a  general  way, 
elaborating  further  on  their  intended  purpose.  The  second  section 
establishes  the  relationship  of  these  steps  to  the  work  of  others.  A 
third  section  delineates  a  particular  class  of  organization  structures  or 
inforaation  processing  aodels  (as  appropriate),  and  foraally  states  bow 
the  aethodology  is  applied  to  aeabers  of  that  class.  Finally,  an  exaaple 
is  discussed  that  illustrates  the  execution  of  the  aethodology  for  the 
respective  design  phase  under  consideration. 

Chapter  four  first  considers  each  Phase  III  aethodology  step  in  a 
general  way.  A  second  section  applies  these  steps  to  the  particular 
exaaple  that  was  discussed  in  the  previous  two  chapters. 

Chapter  five  exercises  the  aethodology  on  a  specific  design  problea. 
The  problea  is  stated  at  the  outset  of  the  chapter  and  each  step  of  the 
aethodology  is  executed  la  turn  to  arrive  at  an  acceptable  design.  A 
laboratory  lapleaentation  of  the  required  task  situations  was  used  to 
operate  the  organization  as  designed,  and  to  perfora  several  tests  to 
deteraine  how  closely  the  astheastlcal  design  predicts  actual  organization 


behavior.  In  particnlar,  it  it  deaonatrated  that  failnre  to  take  hnaan 
procestint  liaitations  into  account  can  have  draaatic  effects,  as  veil  as 
that  the  carefnl  placement  of  task  sitnation  and  information  processing 
paraaeters  can  be  a  meaningful  and  beneficial  step  in  the  design  process. 


Concluding  coaaents  and  directions  for  future  research  are  included 
in  chapter  six.  Folloving  this  chapter,  tvo  appendices  are  attached  that 
document  the  results  of  other  Investigations  related  to  the  thesis  and 
that  provide  aupporting  material  for  discussion  in  the  thesis  body.  In 
Appendix  A,  a  apecific  team  theoretic  problem  is  Investigated  in  vhich 
constraints  that  arc  reflective  of  workload  have  been  added  to  each  team 
member.  Appendix  B  contains  documentation  for  the  experimental  work  done 
in  developing  and  testing  the  organixation  design  that  it  presented  in 
chapter  five. 


II.  ANALYTIC  ORGANIZATION  STRDCTDRES  -  PHASE  I 


In  this  chspter.  those  steps  of  the  nethodology  thst  ere  part  of  the 
top-down  phase  of  organization  design  are  discnssed.  These  include  the 
forsnlation  of  the  design  probleai  itself  (Step  A),  the  specification  of  an 
analytic  organization  structure  (Step  B),  the  determination  of  decision 
rules  (Step  C).  and  the  evaluation  of  the  analytic  structure,  given  ideal 
behavior  (Step  D) .  The  first  section  discusses  each  of  these  steps  on  a 
general  level.  Next,  the  execution  of  Steps  A-D  is  placed  in  the  context 
of  related  work.  Of  particular  relevance  here  is  the  developing  body  of 
knowledge  included  under  the  rubrics  of  large-scale  systems,  team  decision 
theory  and  decentralized  control.  Notions  that  have  emerged  from  the 
study  of  organizations  by  management  acientists  are  also  appropriate.  A 
third  section  considers  a  specific  class  of  analytic  organization 
structures,  that  of  distributed  detection  networks,  and  discusses 
particular  aspects  of  how  Phase  I  of  the  methodology  can  be  executed  in 
the  context  of  this  class.  Finally,  a  specific  design  situation  is 
considered  in  the  fourth  section,  to  which  Steps  A-D  of  the  methodology 
are  applied. 


2.1  Phase  I  Methodology  Steps 

In  succeeding  paragraphs  of  this  section,  each  Phase  I  step  in  the 
methodology  is  considered.  The  discussion  is  presented  on  a  conceptual 
level,  with  the  goal  of  stating  in  broad  terms  some  of  the  key  aspects  of 
each  design  step. 


2.1.1  Formulation  of  Design  Problem  -  Step  A 

There  are  two  elements  that  are  essential  to  a  statement  of  the 
organization  design  problem:  a  description  of  the  overall  information 
processing  task  and  a  statement  of  the  performance  level  expected.  The 


2.1.2  Specification  of  Analytic  Organization  Strnctnre  -  Step  B 

The  central  function  of  Step  B  in  the  aiethodology  is  to  translate  the 
organization  design  objectives  and  the  characteristics  of  the  task  defined 
in  Step  A  into  an  analytic,  i.e.  Bathenatical  fom.  This  requires  a 
nuBber  of  choices  by  the  designer.  Aaong  them  are  the  number  of 
organization  Beabers,  their  interconnection,  and  their  protocols  for 
interaction.  Explicit  evaluation  of  these  choices  is  not  Bade  for  every 
conceivable  combination,  but  rather  is  Bade  later  in  the  context  of 
evaluating  selected  overall  organization  designs,  which  occurs  in  Phase 
III.  Even  so.  it  is  desirable  to  consider  each  choice  in  anticipation  of 
its  later  impact  on  the  organization. 

With  the  goal  of  clarifying  what  is  envisioned  as  an  analytic 
organization  strnctnre.  the  following  discussion  offers  a  formalism  within 
which  to  represent  such  structures.  The  viewpoint  taken  is  similar  to 
Tenney  and  Sandell  [2].  Basically,  organization  members  are  viewed  as 
processors  of  inputs  into  outputs.  Inputs  arrive  from  other  members  and 
through  interactions  with  a  local  environment.  They  are  processed  into 
outputs  that  are  sent  back  to  other  members  or  to  the  immediate 
environment.  Governing  this  process  is  some  temporal  scheme  for 
determining  when  responses  are  required  or  when  interactions  are  to  be 
sent.  A  characteristic  that  is  central  for  the  present  development, 
however,  is  that  each  Bember  Bust  on  a  regular  basis  select  outputs  as 
responses  to  current  inputs.  In  specifying  an  analytic  organization 
structure,  all  aspects  of  organization  operation  are  to  be  defined,  except 
for  this  latter  association  of  response  values  to  input  values. 

The  above  can  be  stated  Bore  forBslly.  Once  the  number  of 
organization  Bembers  has  been  deternined  by  the  designer,  the  overall 
organization  task  is  divided  UBong  those  Bembers,  and  the  design  proceeds 
by  identifying  specific  BechanisBS  for  how  each  member  is  to  interact  with 
his  respective  environment  and  with  other  Bembers.  The  variables  y^  and 
V£  are  specified  to  represent  member  i's  interactions  with  his  environment 
(refer  to  Figure  1.5).  Also  specified  are  the  sets  from  which  variable 


▼alnet  are  drawn: 


(2.1) 

(2.2) 
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Inclnded  as  part  of  the  environaent-aeBber  interaction  variables  is 
the  delineation  of  a  set  of  generalized  paraneters  that  characterize  the 
environnent  of  the  Beaber.  These  sight  inclnde  the  relative  likelihood 
that  certain  events  will  occnr  in  the  environaent,  the  teapo  of  the 
aeaber's  interactions  with  his  environaent,  or  siaply  the  probability 
distribution  on  environaental  interaction  variables.  Parameter  values  are 
dravn  froa  a  set  specified  by  the  designer,  i.e. 

e  (2.3) 

The  purpose  in  defining  as  an  eleaent  of  structure  is  to  formalize  the 
notion  that  the  organization's  environment  is  either  not  known  precisely 
or  is  subject  to  change  as  the  organization  operates.  Assessing  the 
sensitivity  of  the  organization  design  to  such  uncertainty  is  thus  an 
important  consideration. 

Inter-aember  interactions  that  the  designer  specifies  are  represented 
in  a  siailar  manner.  The  variables  z^  are  the  interactions  that  arrive 
froa  other  members.  Responses  forwarded  to  other  members  are  designated 
by  the  variables  n^.  Their  respective  values  are  drawn  froa  sets 
specified  by  the  designer: 

zj  e  Zj  (2.4) 

n^  e  (2.5) 

As  a  matter  of  definition,  it  may  be  useful  to  partition  z^  and  n^^ 
according  to  the  particular  aeaber  with  which  they  represent  an 
interaction,  i.e.  z^j  designates  interactions  arriving  to  member  i  froa 
aerter  J . 


Just  as  ii)£  is  intended  to  capture  characteristics  of  interactions 

with  the  environsient ,  is  a  set  of  generalized  parameters  that 

characterize  inter-member  interactions.  The  key  aspect  of  is  that  it 
designates  characteristics  of  interactions  as  member  i  experiences  them. 
Thns  while  explicit  parameters  of  organization  structure  can  be  part  of 

such  as  a  deadline  for  responding  to  another  member,  it  is  also 

possible  that  quantities  that  are  induced  as  a  consequence  of  organization 

operation,  such  as  the  probability  distribution  on  the  set  Z^,  can  be 
included  as  part  of  n^.  The  main  purpose  in  defining  as  an  element  of 
structure  is  to  provide  a  formalism  for  later  use  in  the  methodology, 
where  not  only  the  values  of  interaction  variables  affect  human 
information  processing,  but  also  the  characteristics  of  how  these 

variables  arrive  for  processing.  Since  such  characteristics  depend  in 
general  on  the  processing  accomplished  by  other  members,  which  is  itself 
subject  to  change,  it  is  convenient  to  lump  the  collective  effects  of  such 
variation  into  a  single  quantity  that  it  developed  from  member  i's 
point  of  view.  At  with  it  considered  to  take  values  from  a 

specified  set: 

jjj  e  Tj  (2.6) 

The  actual  value  of  is  induced  at  a  consequence  of  the  particular 
design  selected. 

In  terms  of  the  formalism  introduced  above,  in  Step  B  the  designer 
must  specify  the  variables  z^,  n^,  v^,  and  y^  and  their  respective  sett  of 
possible  values.  The  generalized  parameters  included  in  and  must 
alto  be  defined,  along  with  the  sets  0^  and  .  Furthermore,  nominal 
values  for  ai^,  denoted  are  to  be  selected.  The  only  aspect  of  the 

organization  structure  that  has  not  been  specified  at  this  point  it  the 
mapping  from  inputs  to  outputs  for  each  member.  That  is,  the  relationship 
between  7.^  X  and  X  is  not  defined.  Such  a  relationship  it 
designated  as  an  inpnt/ontput  mapping  y^,  where  in  general  it  selected 
from  the  set  F^: 


yi  •  Pi  -  (yil  Z,  X  Y,  ->p(Vi  X  U,)) 


(2.7) 


That  is,  Y|  aapt  possible  valnes  of  tad  into  distribntions  on 
possible  Tslnes  of  V|  and  n^.  Once  is  selected  and  inserted  into  the 
analytic  organization  strnctnre  a  working  analytic  aodel  is  obtained. 

The  foraaliSB  nsed  to  discnss  analytic  organization  structures  is  not 
intended  to  be  rigorons.  There  are  a  nnaber  of  issues  that  have  not  been 
addressed  and  which  will  require  considerable  effort  on  the  part  of  the 
designer  in  deciding  an  analytic  organization  strnctnre.  These  include, 
for  ezaaiple.  the  basic  question  of  how  to  partition  an  overall  task  into 
snbtasks  that  are  appropriate  for  individual  nembers,  as  well  as  the 
selection  of  a  particular  temporal  framework  which  governs  organization 
dynamics.  However,  the  formalism  highlights  the  major  issues  that  are  of 
concern  in  the  present  context.  Specifically,  Step  B  should  bring  the 
design  to  the  point  where  what  remains  is  to  determine  for  each  member 
which  input  should  be  mapped  to  which  output,  and  in  what  sense 
(deterministically  or  probabilistically).  In  addition,  the 
characteristics  w.  and  identified  at  this  point  will  be  nsed  later  in 
the  design  process  when  humans  are  included  explicitly. 

2.1.3  Determination  of  Decision  Buies  -  Step  C 

To  complete  the  specification  of  a  working  analytic  organization 
model,  it  is  necessary  to  select  the  input/outpnt  mappings  to  be  nsed  by 
each  member.  This  is  done  in  Step  C  of  the  methodology  by  solving  an 
optimization  problem.  The  criterion  to  be  optimized  is  first  formulated 
to  reflect  the  design  goals  stated  in  Step  A  is  expressed  in  terms  of  a 
cost  J^.  Given  that  all  other  elements  of  the  analytic  organization 
structure  have  been  specified  except  j,  need  only  be  stated  explicitly 
ae  a  function  of  y.  However,  in  view  of  the  uncertainty  in  the 
organisation's  environment  represented  by  m,  it  is  useful  to  show 
explicitly  the  dependence  of  on  w,  although  for  purposes  of  selecting 
the  desired  input/ontput  mappings  m  is  fixed  at  its  nominal  value.  Thus 
the  problem  to  be  solved  is  stated  formally  as 
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Tlie  toliition  to  Problem  DK  yields  en  optinsl  inpnt/ontpnt  sapping  y*  ^ox 
each  aeaber.  which  is  designated  as  a  decision  rnle.  Decision  rules  are 
the  key  link  between  the  pnrely  analytical  consideration  of  the 
organisation  in  Phase  I  with  the  consideration  of  actual  hnaan  behavior  in 
Phase  II.  Decision  rules  are  effectively  the  job  descriptions  that  are 
given  to  organisation  aeabers.  and  thus  aerve  as  a  prescription  for  ideal 
hnaan  behavior. 

It  is  important  to  note  that  a  globally  optimal  solution  of  Problem 
DR  is  not  necessary  as  a  requirement  of  the  methodology.  Recall  that  the 
primary  objective  is  that,  an  organisation  design  be  obtained  that  meets 
design  goals,  particularly  the  performance  level  that  was  specified  in 
Step  A.  More  than  one  aet  of  decision  rules  may  meet  this  objective,  and 
some  may  be  easier  than  others  to  obtain  analytically  as  solutions  to 
Problem  DR.  Thus  the  approach  taken  in  solving  Problem  DR  has  a  degree  of 
flexibility  and  choice  associated  with  it,  and  the  designer  may  well  elect 
to  terminate  the  search  short  of  obtaining  a  global  minimum  solution. 

In  view  of  the  fact  that  human  limitations  in  information  processing 
are  a  primary  concern  in  this  thesis,  the  question  arises  as  to  whether 
the  problem  formulated  in  Step  C  might  be  modified  to  include  workload 
considerations  as  constraints.  Such  a  formulation  is  indeed  fundamental 
to  the  approach  pursued  in  the  thesis,  but  it  is  inappropriate  to  pursue 
it  at  this  point.  Decision  rules  are  mathematical  descriptions  of  the 
desired  behavior  of  a  particular  system  component.  Workload,  however, 
describes  human  information  processing  in  a  specific  physical  situation. 
Workload  is  thus  dependent  on  the  physical  implementation  of  a  decision 
mle.  To  include  a  workload  constraint  at  Step  C  would  in  effect  presume 
that  a  description  of  the  workload  for  a  given  decision  rule  could  be 


specified  independently  of  its  iapleaentstion,  or  thst  s  pbysicsl 
iapleaentstion  could  be  selected  without  knowledge  of  tbe  desired  decision 
rule.  Ibis  is  not  possible.  This  is  wby  tbe  aetbodology  sepsrstes  these 
two  issues.  First,  tbe  desired  bebsvior  is  deterained,  spsrt  from  the 
sbility  of  buasns  to  sctuslly  sccoaplisb  it  (Pbsse  I).  Then  considerstion 
it  given  to  how  such  bebsvior  csn  be  reslized  (Pbsse  II). 


2.1.4  Evslnstion  of  Bstic  Orgsnizstion  Structure  -  Step  D 

By  substituting  tbe  decision  roles  obtsined  st  solutions  in  Step  C 
into  tbe  orgsnizstion  structure  developed  in  Step  B,  s  working  snslytic 
aodel  of  the  orgsnizstion  results.  This  aodel  represents  in  soae  sense 
the  "best”  outcoae  thst  could  be  expected  ss  s  design,  given  the  bssic 
orgsnizstion  structure.  Thst  is,  subsequent  steps  in  design  will  st  best 
only  be  sble  to  reproduce  erectly  the  decision  rules  y*  >>  sctusl 
input/output  bebsvior  of  orgsnizstion  aeabers.  Moreover,  it  is  not  likely 
in  genersl  thst  y*  will  be  reslized  perfectly.  Thus  perforasnce  of  the 
orgsnizstion  will  not  be  sny  better  then  thst  which  is  predicted  froa 
purely  snslyticsl  considerstions,  end  will  likely  be  worse  becsuse  of 
Ister  coaproaises  asde  due  to  huasn  worklosd  liaitstions.  It  is  therefore 
useful  st  this  point  to  coapsre  the  snslytic  orgsnizstion  aodel  with 
design  gosls,  snd  evsluste  whether  it  is  possible  for  the  bssic  structure 
to  result  in  sn  scceptsble  design.  This  is  the  function  of  Step  D  in  the 
aethodology . 

The  Bssessaent  asde  in  Step  D  is  liaited  to  s  single  definite 
conclusion:  if  the  snslytic  orgsnizstion,  opersting  with  its  decision 
rules,  does  not  aeet  design  objectives  ss  outlined  in  Step  A,  then  sn 
slternste  structure  is  necesssry.  If  such  s  conclusion  is  resched,  the 
designer  anst  re-consider  soae  of  tbe  choices  asde  in  Step  B.  Ideslly, 
the  points  st  which  the  design  is  insdequste  will  lesd  the  designer  to 
select  specific  aodif icstions  to  aske  in  orgsnizstion  structure. 

If,  on  the  other  hsnd,  the  snslytic  orgsnizstion  does  aeet  design 
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goals  St  this  point,  there  is  no  gnsrsntee  that  snbseqnent  implementation 
of  decision  rnles  will  result  in  a  nominal  design  which  is  also 
acceptable.  However,  preliminary  indication  of  how  likely  it  is  that  the 
organisation  strnctnre  will  remain  viable  might  be  obtained  by  evaluating 
the  sensitivity  of  to  variation  in  ti  when  y  Y**  That  is,  if  it  is 
assumed  that  the  actual  inpnt/ontpnt  behavior  realized  by  organization 
meid>ers  will  approximate  y* ,  then  it  might  be  useful  to  evaluate 

du 

to  obtain  an  indication  of  whether  the  general  operating  region  that  is 
unfolding  for  the  organization  is  in  fact  a  satisfactory  one  in  view  of 
uncertainties  about  the  operating  environment. 

In  general.  Step  D  represents  an  opportunity  to  assess  the  design  at 
an  intermediate  stage  in  its  development.  A  considerable  amount  of  effort 
has  been  expended  in  Steps  B  and  C,  and  Phase  II  will  be  another  major 
step  in  the  design  process.  Step  D  is  the  bridge  between  these  two 
efforts  and  can  be  used  as  convenient  milestone  in  the  design  process. 

2.2  Approaches  to  Phase  I  Execution 

This  section  describes  the  relationship  between  the  concepts  relevant 
to  Phase  I  and  other  work.  Though  satisfactory  completion  of  Phase  I  is 
not  tied  necessarily  to  a  particular  analytic  framework,  the  issues  that 
the  designer  must  consider  in  the  present  context  are  similar  to  those 
considered  by  Tenney  and  Sandell  [2], [3]. 

Another  framework  that  is  complementary  to  Phase  I  considerations  is 
that  of  team  theory.  A  team-theoretic  decision  problem  has  five  essential 
features  [41:  (a)  an  underlying  uncertainty  expressed  as  a  vector  of 
random  varlablesf  (b)  a  set  of  observations  that  are  functions  of  the 
uncertainty  vector}  (c)  a  set  of  decision  variables — one  per  decision¬ 
maker  (team  member)}  (d)  a  set  of  decision  rules — one  per  team  meid>et — 


which  select  s  Tsliie  of  the  decision  wsrisble  bssed  on  the  observations 
available:  and  (e)  a  criterion  that  assigns  costs  according  to  the  actnal 
valnes  taken  by  the  random  vector  and  the  decision  variable  of  each  team 
member. 


In  terms  of  the  steps  within  Phase  I,  (a)-(c)  correspond  to  the 
specification  of  an  analytic  organization  strnctnre  in  Step  B.  The 
underlying  nncertainty  (a)  and  the  observations  available  (b)  determine 
the  environment  in  which  the  team  operates.  Characterization  of  this 
environment  in  terms  of  a  set  of  parameters  corresponds  to  specification 
of  w.  Available  observations  and  decision  variables  (b-c)  are  the  inputs 
(z>y)  and  outputs  (u.v)  of  orgsnization  members,  respectively,  and  the  set 
of  decision  rules  (d)  corresponds  directly  to  the  set  y* .  Selection  of  a 
decision  rule  in  a  team-theoretic  problem  is  done  with  respect  to 
minimizing  the  cost  criterion  (e).  This  corresponds  to  the  minimization 
of  in  Step  C.  Finally,  the  underlying  notion  in  team  decision  theory 
is  that  all  members  are  cooperating  to  the  fullest  extent  for  benefit  of 
the  oversll  tesm  (common  cost  criterion).  This  is  also  consistent  with 
the  class  of  organizations  under  consideration  in  this  thesis. 

Solutions  for  decision  rules  in  team  problems  are  characterized  by 
the  nature  of  the  problem's  information  strnctnre.  There  exist  solutions 
for  classical  [S]  and  partially-nested  [6]  structures.  Recently,  solution 
has  been  obtained  for  a  class  of  non-psrtially-nested  information 
structures  [7].  Thus  results  and  methods  drawn  from  the  investigation  of 
team  decision  problems  provide  an  approach  to  the  execution  of  Phase  I. 


Other  approaches  to  executing  Phase  I  can  be  found  within  the  broader 
consideration  of  large-scale  systems.  [8]  surveys  the  literature  on 
methods  for  decentralized  control  and  the  analysis  of  large-scsle  systems. 
These  methods  are  to  be  considered  as  a  resource  upon  which  to  draw.  In 
this  sense,  the  designer  is  free  to  use  any  technique  that  results  in  *job 
descriptions”  for  individusl  organization  members,  but  which  also 
satisfies  the  necessity  to  assess  overall  organization  performance. 


Large-scale  syatens  and  teaai-theoretic  analyses  do  not  explicitly 
consider  hnaians  as  iapleaenting  decision  rnles.  In  fact,  the  inplicit 
assnaiption  is  of  perfect  rationality  19],  which  hnaans  do  not  exhibit  in 
organisations  [10].  The  study  of  actual  hnaan  organisations,  though 

largely  qualitative,  can  provide  guidance  for  the  execution  of  Phase  I. 
That  is,  even  though  explicit  consideration  of  workload  is  not  possible  in 
Phase  I  in  the  sente  of  a  watheBatical  foraiulation,  it  say  be  possible, 
knowing  that  huaans  will  eventually  be  a  factor  in  the  analysis,  to 

incorporate  principles  of  hnaan  organisation  design  when  the  analytic 
organisation  structure  is  specified.  It  aay  then  be  easier  to  realise  the 
decision  rules  that  result  in  Step  C.  Aaiong  recent  qualitative  work  in 
organisation  design,  Galbraith  [11]  analyses  organisations  in  terms  of 
information  flow  and  processing,  and  describes  other  concepts  that  are 
related  to  the  present  work. 

Finally,  some  work  has  been  done  to  simulate  and  analyse 

organisation  behavior  [12].  Other  work  has  sed  experiments  with 

different  organisation  structures  as  a  basis  for  abstracting  principles  of 
organisation  [13].  Still  other  investigators  have  described  principles 
for  decentralised  decisionmaking  by  analogy  with  observed  hnaan  behavior 
in  a  situation  requiring  negotiation  [14].  Thus  there  exists  a  variety  of 
paradigms  and  principles,  both  qualitative  and  quantitative,  from  which 
one  can  draw  in  order  to  specify  an  analytic  organisation  structure. 

2.3  A  Class  of  Analytic  Organisation  Structures 

To  illustrate  the  steps  executed  in  Phase  I  of  the  design  process, 
this  section  considers  a  specific  class  of  analytic  organisation 
structures,  the  so-called  distributed  detection  network  (DON)  [7]. 
Formulation  of  this  class  has  been  motivated  by  the  situation  where  a 
surveillance  task  is  to  be  executed  using  a  number  of  geographically 
separated  sensors  that  are  able  to  make  observations  on  the  same 
phenomenon,  but  which  are  limited  in  their  ability  to  communicate  with 
each  other.  Characteristics  of  a  DDN  include  an  underlying  phenomenon 


whose  state  is  uncertain,  noisy  observations  aade  at  each  node  in  the 
network  aa  to  its  valne,  and  an  acyclic  node  interconnection  topology  that 
contains  at  aost  one  path  from  any  one  node  to  another.  The  task  of  the 
network  is  to  reach  a  decision  as  to  the  state  of  the  phenomenon  and  to  do 
so  optimally  with  respect  to  given  error  penalties.  This  task  is 
accomplished  by  providing  each  node  with  a  decision  mle  that  specifies 
the  contents  of  messages  to  be  sent  to  other,  adjacent  nodes  when 
particular  observations  and  messages  have  been  received. 

The  following  paragraphs  briefly  review  the  characteristics  of  a  DDN 
and  discnsa  the  execution  of  Phaae  I,  particularly  Steps  B  and  C,  in  terms 
of  this  class.  Though  presented  here  as  an  example,  DDN  are  in  fact  one 
of  a  very  few  classes  of  analytic  structures  for  which  the  mathematics 
exist  to  make  Step  C  possible.  Indeed,  this  reality  is  a  limiting  factor 
in  the  applicability  of  the  design  approach  presented  in  this  thesis. 

2.3.1  Elements  of  DDN  Structure 

A  distributed  detection  network  is  cbaracterixed  by  several  features 
as  follows.  The  underlying  phenomenon,  denoted  H,  is  static  and  can  take 
a  discrete  number  of  values.  These  values  are  known  and  can  be 
repreaented  as  a  set  of  M  possible  hypotheses,  whose  a  priori  statistics 
are  also  known.  That  ia, 

H  -  wp  p(H-H^)  ,  i  «=  1,...,M  (2.8) 

There  are  available  N  noisy  observations  y^  on  the  underlying  hypothesis, 
which  are  conditionally  atatistically  independent,  i.e. 

»  p(yilH)  Vi  (2.9) 

By  aasumption,  these  observations  are  distributed  in  some  sense  with 
respect  to  each  other  and  are  the  basis  for  defining  the  nodes  in  a  DDN. 


Hie  interconnection  topology  between  nodes  in  e  DDN  is  tbit  of  a 
singly-connected  network.  In  graph  theoretic  terms,  snch  a  network  is  an 
acyclic  directed  graph  that  contains  at  most  one  distinct  directed  edge 
between  any  pair  of  nodes.  Transmission  on  interconnecting  links  is 
aaanmed  to  be  error-free.  In  addition,  there  is  a  finite  number  of 
symbols  available  for  nse  on  a  given  link.  This  latter  assumption  models 
the  limited  bandwidth  condition  that  is  a  key  issue  with  respect  to  a  DDN. 

Given  this  structure,  a  DDN  node  is  defined  using  three  basic 
operators,  which  are  illustrated  in  Figure  2.1.  A  tandem  operator  (a) 


Figure  2.1  Basic  DDN  Operators 

receives  meaaagea  from  one  node  and  sends  messages  to  a  single 
destination.  Fusion  operators  (b)  receive  from  many  nodes  and  send  to  a 
single  destination,  and  fission  operators  (c)  receive  from  one  node  but 
send  to  many  destinations.  Each  operator  has  an  observation  y^  associated 
with  it.  Given  the  particular  input  messages  and  the  observation  y^,  the 
determination  of  which  output  messages  should  be  sent  is  made  using  the 
mapping  y^.  It  is  possible  to  combine  fission  and  fusion  operators  at  a 
single  node,  and  it  is  also  possible  that  a  node  will  have  no  input 
massagea.  This  latter  type  of  node  is  referred  to  as  a  source  node. 

The  singly-connected  structure  of  a  DDN  induces  a  partial  ordering  on 
events  within  the  network.  It  is  assumed  that  all  nodes  receive  their 
respective  observations  y^  simultaneously.  Observations  are  then  incor¬ 
porated  with  Incoming  messages  at  each  node  to  obtain  outgoing  messages. 
Each  node  must  therefore  wait  for  the  arrival  of  messages  from  nodes  that 


precede  it  in  the  pertiel  ordering  of  events.  Because  they  receive  no 
■essages,  aonrce  nodes  are  thus  the  first  nodes  to  complete  their 
respective  processing. 

Belationship  of  PDN  to  Step  B 

To  illustrate  how  a  DON  can  be  nsed  as  an  analytic  organization 
structure,  consider  the  four-node  DDN  shown  in  Figure  2.2.  Two  tandem 


Figure  2.2  A  Four  Node  DDN 

operators  and  one  fusion  and  one  fission  operator  have  been  used  to  form 
the  network.  There  are  two  source  nodes  in  the  network.  In  order  to 
facilitate  the  correspondence  between  a  DDN  and  an  analytic  organization 
strnctnre.  the  formalism  introduced  in  the  previous  section  has  been  used 
to  label  the  links  between  nodes. 


In  the  network  shown,  the  ordering  of  events  is  as  follows.  After 
observations  have  arrived  at  each  node,  nodes  1  and  3  select  their  output 
message  symbols  for  transmission,  which  are  the  values  of  variables  n^, 
and  n,,,  n,^,  respectively.  These  messages  are  then  transmitted  to  nodes 
2  and  4  and  received  as  the  variables  a,,,  z,,  and  z^,.  Finally,  at  nodes 
2  and  4  values  are  selected  for  v,  and  v,  using  the  observations  y, , 
and  the  received  interactions.  Note  that  because  tranmission  on  links  is 
error-free,  it  is  true  that 


For  the  DDN  in  Figure  2.2  to  be  an  analytic  organization  structure, 
the  design  ainst  specify  the  following: 


sets:  ^»»»  ®i4i  Vj, 

(2.13) 

distributions:  p(y£iH)  i  =  1,4 

(2.14) 

p(H) 

(2.15) 

Eq.(2.13),  (2.14),  and  (2.15),  along  with  the  properties  of  the  DDN 

structure  already  discussed,  coaipletely  specify  the  operation  of  the 
network,  except  for  determining  the  association  of  output  symbols  to  input 
symbols  and  observations.  That  is,  what  remains  to  be  specified  is  the 
complement  of  inpnt/output  mappings  y^,  i  1,4  where 


y% 

e 

-  fr.lr. 

->  p(Dj,)} 

(2.16) 
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(2.17) 
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X  Z^,  p(V4)) 

(2.19) 

Furthermore,  if  the  structure  in  Figure  2.2  is  to  be  used  as  an  analytic 
organization  structure,  the  designer  would  also  specify  the  generalized 
parameters  and  n^.  In  the  present  case  might  be  the  distributions 
p(y^lH),  or  it  might  be  particular  characteristics  of  a  distribution  tjrpe, 
such  as  mean  and  variance.  Similarly,  the  distribution  on  Z^j  might  be 
included  in 


2.3.2  DDN  Decision  Knles 

In  a  DDN,  the  mappings  Tj  *re  selected  to  optimize  the  performance  of 
the  network.  To  do  this  a  cost  is  assessed  locally  at  each  node,  and  the 
total  cost  is  minimized  using  a  technique  based  on  spatial  dynamic 
programming.  The  result  is  a  set  of  optimal  input/output  mappinga  y^. 
Stated  in  terms  of  the  DDN  in  Figure  2.2,  there  are  four  cost  functions 
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J|.  one  it  each  node: 


Jx 

(2.20) 

J. 

(2.21) 

>;■ 

J. 

-J,(y,,u,) 

(2.22) 

J4 

“  J4<y4**4*^4> 

(2.23) 

4 

The  optiaal  aappings  are  thoae  that  Biniaize  the  expected  valne  of  the 
total  cost  J: 

Problem  -  DDN  Dec  it  ion  Rules  (DR-DDN) 

4 

Bin  j  E{J) j  =  Bin  |  E  3  !  J .  [ 

Ti  «  ^i  “^i  *  ^i  '  i  ^  1  ^ 

The  technique  for  finding  DDN  decision  rnles  nses  the  additive  cost 
dtrnctnre  to  decompose  the  overall  problem  into  a  series  of  stagevise 
BiniBizations.  The  solution  technique  also  depends  on  two  other 
properties  of  the  the  DDN  strncture.  One  is  that  for  any  two  nodes 
connected  by  a  link,  their  analytic  relationship  is  completely 
characterized  by  the  joint  probability  distribution  on  the  values  of  B  and 
on  the  set  of  syabols  that  can  be  transmitted  over  the  linh.  In  teras  of 
the  DDN  in  Figure  2,2,  the  distributions  p(u^,,H),  p(n,,,H)  and  pCu^^.H) 
completely  summarize  the  relationships  between  the  nodes. 

A  second  property  of  a  DDN  that  is  exploited  derives  from  its  singly- 
connected  topology.  Because  of  this  characteristic,  it  is  possible  to 
define  a  'sweep  pattern”  for  the  network  that  is  such  that  each  link  is 
traversed  exactly  once  (possibly  opposite  its  actual  direction)  and  also 
such  that  the  partial  ordering  on  events  in  the  network  is  preserved. 

Taken  together,  these  three  features  of  a  DDN  and  its  cost  structure 
can  be  used  to  solve  for  decision  rnles.  Basically,  the  solution 
technique  nses  the  established  sweep  pattern  to  transfer  the  per  node 
costs  through  the  network.  This  is  done  by  finding  the  minimizing  at  a 


I 
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node  and  then  traversing  a  link  to  the  next  node  via  the  joint 
distribution  associated  with  that  link.  For  the  network  in  Fignre  2.2, 
this  Bight  be  executed  as  follows.  Beginning  at  node  4,  it  is  possible  to 
Biniaize  Ed^}  over  Y4  **  *  function  of  p(z,4,H).  Sweeping  back  to  node 
3,  a  ainiaization  is  conducted  over  Y(  us  a  function  of  p(n,,,H).  Not 
only  is  the  expected  cost  at  node  3  considered,  but  the  added  cost  that 
will  accrue  at  node  4  is  also  taken  into  account.  Since  in  the  first 
optiaization  stage  the  ainiaua  cost  at  node  4  hat  been  found  as  a  function 
of  p(z4,,B),  it  is  necessary  in  the  second  stage  to  only  consider  how  the 
selection  of  Yi  affects  the  value  of  p(z4,,B).  This  process  continues 
until  all  nodes  have  been  considered  and  all  links  traversed. 

The  basic  feature  of  the  solution  technique  is  that  at  each  stage  n 
in  the  process  there  is  a  problea  to  solve  of  the  fora 

V*(P  )  -  Bin  Eli,  +  V*  (P  )!  (2.24) 

n  )  i  n+1  n+1  I 

Ti  I  ) 

At  stage  n,  the  input/output  aapping  at  node  i  is  under  explicit 
consideration.  is  a  reforaulated  version  of  used  in  the 

optiaization  technique.  Pq+i  represents  the  joint  distribution  on  the 
link  that  has  just  been  traversed  to  reach  the  node  and  P^  is  the  joint 
distribution  on  the  link  that  will  be  traversed  to  reach  the  next  node  i 
the  sweep  pattern.  is  the  equivalent  of  the  optiaal  cost-to-go  in  a 

dynaaic  prograaaing  foraulation.  Bare  it  represents  the  optiaal  cost  to 
retrace  the  sweep  pattern  back  to  its  origin.  In  general,  the  nuaber  of 
stages  n  is  greater  by  1  than  the  nuaber  of  nodes.  The  additional  stage 
does  not  involve  an  input/output  napping,  and  is  analogous  to  the  terainal 
stage  in  a  dynaaic  prograaaing  foraulation.  Solution  to  the  problea  in 
aq.(2.24)  finds  the  optiaal  input/output  napping  y*  us  u  function  of  P,,. 
When  the  lust  node  in  the  sweep  pattern  is  reached,  a  reverse  pass  will 
select  which  of  the  y*  I*  to  the  decision  rule  at  the  i^^  node. 

The  discussion  here  of  the  solution  for  DDN  decision  rules  is 
intended  to  be  an  overview  only.  The  technique  described  entails  the 
reforanlation  of  the  stochastic  optiaization  problea  as  given  by  Problea 
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DR-DDN  into  an  equivalent  deterainiatic  problem.  For  tbe  details  of  how 
this  is  done  and  for  how  sweep  patterns  are  established,  see  [7],  For 
present  purposes,  it  is  sufficient  to  note  that  decision  rules  can  be 
obtained  for  a  DDN  and  that  the  essential  features  of  the  solution 
technique  are  a  stagewise  minimization  that  is  performed  in  terms  of  the 
joint  distribution  on  each  link  variable  and  tbe  underlying  phenomenon  H. 

Relationship  to  Step  C 

Given  the  association  made  earlier  between  a  DDN  structure  and  an 
analytic  organization  structure,  it  is  straightforward  to  complete  this 
association  as  it  applies  to  Step  C  considerations.  Basically,  the 
decision  rule  mappings  in  a  DDN  directly  correspond  to  those  that  are 
desired  as  the  outcome  of  Step  C.  Thus,  if  a  per  member  cost  structure  is 
assigned  to  the  analytic  organization  structure  the  technique  for  finding 
decision  rules  described  above  can  be  used  to  determine  job  descriptions 
for  organization  members. 


2.4  Execution  of  Phase  I  -  Example 

To  further  demonstrate  what  is  intended  in  Phase  I  of  the 
methodology,  a  specific  design  problem  is  considered  in  this  section. 
After  stating  the  problem,  the  remaining  steps  in  Phase  I  are  then 
executed,  with  tbe  result  that  a  promising  analytic  organization  structure 
emerges.  Since  the  structure  is  of  the  distributed  detection  network 
class,  the  discussion  in  the  previous  section  is  directly  applicable. 


2.4.1  Statement  of  Design  Problem  ~  Step  A 

The  manufacturing  process  for  a  certain  crystalline  material  results 
in  crystalline  structures  of  two  types.  One  of  there  types  is  the 
structure  desired  for  the  material  and  the  other  has  properties  that  make 
it  unusable.  The  process  produces  the  material  in  wafers,  and  is  such 
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tbit  ■  si^en  wafer  will  have  a  predoninantly  uniform  crystalline 
strnctnre.  Abont  20%  of  the  wafers  mannfactnred  are  nnnsable,  although 
this  figure  is  known  to  be  as  low  as  15%  or  as  high  as  25%,  depending  on 
the  current  hatch. 

It  is  desired  to  sort  the  defective  wafers  from  the  nsable  ones  and 
to  do  BO  with  an  error  rate  of  less  than  10%.  Furthermore,  physical 
limitations  dictate  that  the  inspection  and  sorting  must  take  place  as 
wafers  move  from  manufacturing  to  assembly  along  a  conveyor  belt.  Wafers 
are  carried  on  the  belt  at  the  rate  of  R  per  minute.  This  rate  is 
nominally  at  R^  but  is  subject  to  a  -  10%  variation. 

The  basic  test  for  determining  the  crystalline  structure  type 
involves  Irradiating  the  wafer  and  then  observing  the  diffraction  pattern 
that  obtains.  Because  of  impurities  in  the  material  and  also  due  to  the 
mechanics  of  the  test  equipment,  the  diffraction  image  does  not  unam¬ 
biguously  register  crystalline  structure.  Instead,  the  orientation  of  the 
image  is  used  as  an  indication  of  crystalline  type.  The  judgement 
required  in  assessing  image  orientation  is  not  readily  automated,  and  the 
test  therefore  depends  on  human  capabilities  in  order  to  be  successful. 

2.4.2  Analytic  Organization  Structure  -  Step  B 

The  design  problem  posed  is  essentially  one  of  devising  an  inspection 
scheme  for  sorting  wafers  as  they  move  along  a  conveyor.  Furthermore, 
because  of  the  nature  of  the  test,  humans  are  required  as  part  of  the 
scheme.  Thus  the  designer  must  determine  the  rate  at  which  humans  can 
reliably  execute  diffraction  judgements  and  compare  it  with  the  conveyor 
belt  speed.  Assume  that  no  individual  can  alone  perform  the  inspections 
fast  enough  and  still  meet  performance  requirements.  An  inspection  team 
must  then  be  formed  such  that  the  individually  inadequate  capabilities  of 
meters  are  aggregated  advantageously  to  meet  performance  requirements. 
In  doing  so,  additional  consideration  must  be  given  to  coordinating  the 
efforts  of  team  members.  Many  inspection  schemes  are  possible.  A 


reasonable  next  step  is  to  propose  an  organisation  structure  for  the 
inspection  test  and  to  analyze  it  with  respect  to  design  reqnireaients. 

Consider  the  inspection  scheae  shown  in  Figure  2.3.  Two  diffraction 


Figure  2.3  Wafer  Inspection  Scheme 

tests  are  applied  to  each  wafer,  one  after  the  other.  The  diffraction 
iaage  obtained  on  each  test  is  designated  by  y.  Based  on  y^,  the  first 
test  is  used  to  give  a  preliminary  indication  of  the  crystalline  type. 
This  indication  is  passed  to  the  second  inspection  test  station  as  the 
message  u.  This  message  is  then  to  be  incorporated  with  the  second 
diffraction  pattern  to  determine  whether  the  wafer  should  be  declared 
unusable.  The  value  of  v  represents  the  decision  to  remove  the  wafer  from 
the  conveyor.  The  tests  at  each  station  are  arranged  so  that  the  second 
test  is  being  performed  on  one  wafer  while  the  first  test  is  being  applied 
to  the  wafer  that  follows  it  on  the  belt.  This  is  accomplished  with  no 
confusion  in  the  signal  sent  from  the  first  test  station  to  the  second. 
That  is,  the  value  of  u  used  in  the  second  test  always  corresponds  to  the 
wafer  currently  under  test. 

To  complete  the  specification  of  the  scheme  in  Figure  2.3,  additionsl 
modeling  assumptions  are  necessary  about  the  characteristics  of  the  tests. 
A  representative  diffraction  image  is  shown  in  Figure  2.4.  As  noted 
earlier,  discrimination  between  crystalline  structures  is  made  according 
to  the  general  orientation  of  the  image.  Let  p  be  the  orientation  angle 
as  shown  in  Figure  2.4.  Assume  that  if  the  diffraction  test  were  a 
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Figure  2.4  Repreientetive  Diffraction  Pattern 

perfect  indication  of  cryatalline  atrnctnre,  it  would  ahow  good  wafers  at 
angle  Pj^  *  135°  and  bad  wafers  at  p,  *  45°. 

Denote  by  (k  >  0,1)  the  event  that  a  given  wafer  is  unusable  or 
usable,  respectively.  Then  according  to  the  characteristics  of  the 
■annfacturing  process,  it  is  true  that 

p(H  -  H*)  ^  p,  •  0.2  (2.25) 

p(H  -  H‘)  a  Pj  «  0.8  (2.26) 

Furtheraore,  the  essential  feature  of  the  diffraction  iaage  obtained  on 
each  test  is  the  general  orientation  of  the  iaage.  Let  y^  represent  the 
observed  orientation  and  assuae  that  a  reasonable  characterization  of  the 
likely  orientation  y^.  given  B,  is  that  of  a  noraal  distribution: 

p(yjle^)  -  N(p^,oJ)  k  -  0,1  i  *  1,2  (2.27) 

(It  is  assnaed  that  <<  180°,  so  that  the  aod  2T  periodicity  of  p  aay  be 
neglected.)  The  variances  in  observed  orientation  reflect  the  effects  of 
iapnrities  in  aaterial,  positioning  errors  in  conducting  the  tests,  and 
other  variations  that  are  intrinsic  to  the  test  itself.  It  is  assnaed, 
however,  that  the  observed  diffraction  orientations  (values  of  y^)  are 
independent  of  each  other,  given  the  value  of  H.  Finally,  the  indication 
sent  by  the  first  test  station  to  the  second  is  United  to  a  binary  0  or  1 
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■estage.  Siailarly,  the  deterainatioB  at  the  second  station  is  an 
either/or  decision;  y  can  be  either  0  or  1. 

An  analytic  organization  strnctnre  for  the  inspection  task  has  now 
been  defined,  and  it  happens  that  it  falls  within  the  class  of  distributed 
detection  networks  as  described  in  the  prewions  section.  Two  tandem 
operators  have  been  nsed  to  form  the  organization,  with  the  overall  task 
being  to  judge,  or  detect,  whether  the  crystalline  strnctnre  is  of  type  0 
or  type  1.  However,  because  the  inspection  organization  makes  repeated 
judgements,  a  alight  generalization  of  the  static  DDN  strnctnre  is 
required.  It  will  be  assumed  that  each  wafer  has  taken  on  its  crystalline 
strnctnre  independently  of  all  other  wafers.  Analytically,  this  means 
that  the  valne  of  H  for  each  wafer  is  independent  of  that  of  all  others. 
In  effect,  then,  the  inspection  organization  is  executing  a  detection  task 
repeatedly,  bnt  independently  of  all  other  wafer  inspections  made. 

Within  the  analytic  strnctnre  defined  and  in  view  of  the  operating 
environment  of  the  inspection  organization,  several  generalized  parameters 
can  be  specified  as  part  of  First,  the  a  priori  likelihood  of 

crystalline  strnctnre  type  is  subject  to  variation.  Second,  there  it 
uncertainty  in  the  conveyor  belt  speed.  Both  of  these  parameters 
influence  the  environment  of  both  members.  Bence  and  w,  are  taken  to 
be  identical: 

•x  “  m,  “  (R,p(H))  (2.28) 

In  addition,  nominal  values  can  be  assigned  to  a>£  based  on  the  design 
problem  statement. 


2.4.3  Inspection  Decision  Rules  -  Step  C 

The  organization  structure  specified  for  the  inspection  task  requires 
one  human  at  each  test  station  to  judge  diffraction  patterns.  Within  the 
analytic  structure,  this  processing  is  represented  by  a  mapping  y^,  where 


: 
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in  particular 

Ti  e  Tj  -  (Tillj  ->  p{u)}  (2.29) 

T,  t  P,  -  X  B  -»  p(v))  (2.30) 

To  deteraine  tbe  optiaal  aappingt  for  the  organization,  a  perforaance 
criterion  it  needed  that  reflects  design  goals.  Froa  the  design  problea 
stateaent  in  Step  A,  it  is  of  interest  to  ainiaize  the  inspection  error 
probability  in  the  organization.  This  it  the  perforaance  criterion  that 
will  be  adopted  for  the  organization.  That  is, 

.  p(v-0,H-H*)  +  p(v-l,H-B*)  (2.31) 

Froa  the  definition  of  organization  strnctnre,  it  is  evident  that 
depends  on  the  inpnt/ontpnt  aappingt  selected.  Fnrtheraore,  it  is 
straightforward  to  show  the  dependence  of  on  w  through  p(H).  At  this 
point  in  the  design,  however,  the  conveyor  belt  speed  R  does  not  affect 

organization  perforaance.  Essentially,  whatever  inpnt/ontpnt  aapping  is 

specified  is  assnaed  to  be  executed  instantaneously.  This  is  one  reason 

why  decision  rules  represent  ideal  huaan  behavior  only,  and  not 
necessarily  actual  behavior. 

Given  that  the  analytic  organization  strnctnre  is  of  the  1H)N  type, 
deteraination  of  the  decision  rules  for  each  test  station  can  proceed 
using  the  technique  described  earlier.  Figure  2.5  shows  the  organization 


F,  =  p(H)  Fj  =  p(tt,H)  Fj^pfv,  h) 

Figure  2.5  Set-up  for  Detcraining  Inspection  Rules 


stmctnre  labelled  according  to  the  sweep  pattern  to  be  nted.  Three 
atages  are  shown,  including  s  terainsl  stsge  corresponding  to  P, .  Because 
of  the  perforaance  aeasure  on  the  organisation,  only  a  terainsl  cost  is 
present.  This  satisfies  the  stagewise  separation  that  is  required  for  the 
solution  technique  to  proceed. 

At  stage  3, 


vI(P,)  -  p(v-0,H-H‘)  +  p(v-l,H-H*) 


(2.32) 


Sweeping  backward  to  the  aiddle  stage,  the  problea 


ain  E{  VjCP  )) 

y» 


(2.33) 


anst  be  solved.  That  is,  given  a  P,  distribution,  the  characteristics  of 
7,  together  with  the  input/ontput  aapping  y,  deteraine  P, .  The 
optiaization  problea  in  (2.33)  selects  the  ainiaiting  y,  for  each  possible 
P, .  The  solution  for  y*  is  known  [7]  and  has  the  fora  of  s  threshold 


if  n  -  j  and 


Tj  2  t'j  .  .  1 

yj  <  t'j  »  -  0 


j  «  0,1 


(2.34) 


Values  of  the  thresholds  t*j  are  dependent  on  the  distribution  P, .  Let 
Pj^  denote  p(n«j ,H-H^) .  Then 


2(o,)^log  (p,*/p„)  +  (p,)^  -  (p,)^ 


2(0.)  log  (p,,/p,,)  +  (p.) 


Continuing  backward  to  the  first  stage,  the  decision  rule  at  the 
first  test  station  is  deterained  as  the  solution  to 


(2.37) 


vJ(P^)  -  ■in|E{  V*(P2)}j 
Ti  ' 


Again,  for  a  given  P^,  the  diatribntion  on  and  the  inpnt/ontpnt  sapping 
Tj  deteraine  P, .  Thna  the  aininizing  can  be  found  as  a  function  of  P^. 
The  fora  of  y*  is  alto  that  of  a  threshold  test 


(2.38) 


The  value  of  t*  depends  of  P,^.  Since  P^  is  known  (or  least  fixed  at  its 

noainal  value),  t*  is  thereby  chosen.  This  in  torn  deteraines  P*  and 

thereby  selects  t*..  which  finally  deteraines  P*.  Froa  P*  the  value  of 
^  N  ^ 

J^(y  ,»»  )  is  known,  which  is  the  ainlaua  inspection  error  probability 
potaible  using  the  current  organization  structure. 


In  sna  the  operation  of  the  analytic  organization  structure  using  its 
decision  rules  is  as  follows.  For  a  given  wafer,  the  orientation  of  its 
diffraction  pattern  in  the  first  test  is  judged  with  respect  to  the  angle 
t*.  If  it  is  greater  than  t*.  a  aessage  is  sent  to  suggest  that  the 
crystalline  structure  it  usable  (i.e.  u  >  1).  At  the  second  test  station 
this  aessage  is  used  to  select  the  angle  threshold  against  which  to  judge 
the  orientation  of  the  second  test's  observed  diffraction  pattern.  If  the 
perceived  angle  is  less  than  the  threshold,  then  the  wafer  is  discarded  as 
unusable.  Since  t*,  >  t*^.  the  result  of  the  first  test  is  to  bias  the 
outcoae  of  the  second  test. 


A  final  step  reaains  to  coaplete  Phase  I  of  the  aethodology:  the 
assessaent  of  whether  the  basic  organization  structure  as  proposed  is 
likely  to  be  adequate  for  the  task. 


2.4.4  Evaluation  of  Analytic  Structure  -  Step  D 

A  working  analytic  organization  structure  has  now  been  constructed  to 
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iccooplith  the  coaponent  iaspectioa  task.  Before  ezpeadiag  effort  to 
iapleaeat  the  decisioa  rale  for  each  orgaaizatioa  aeaber,  however,  it  is 
asefal  to  coasider  whether  the  stractare  itself,  givea  idealized  behavior. 
Beets  desiga  goals.  If  aot,  there  is  little  chaace  that  the 
iapleaeatatioa  will  aeet  desiga  goals,  siace  actual  behavior  caa  be  ao 
better  thaa  idealized  behavior.  la  the  preseat  situatioa,  the  first 
evalaatioa  criterioa  is  whether  the  probability  of  error  ia  detectiag 
defective  coapoaeats  is  withia  the  specified  desiga  liaits.  Ia  other 
words,  is 

i  Jo  ?  (2.39) 

Assaaiag  eq.(2.39)  is  satisfied,  farther  evalaatioa  of  the  stractare  aigbt 
iaclade  ia-'estigatioa  of  the  seasitivity  of  to  chaages  ia  the 
valae  of  u,  which  in  the  preseat  situatioa  would  oaly  iavolve  chaages  ia 
p(H)  siace  R  is  aot  part  of  the  aaalytic  stractare. 

If  evalaatioa  of  the  atractare  poiats  up  a  weakaess,  a  revisoa  aay  be 
ia  order.  Specific  chaages  to  be  aade  would  depead  oa  the  partiealar 
weakaess  discovered.  Oae  possible  revisioa  would  be  to  iacorporate  aore 
diffractioa  tests  lato  the  stractare,  possibly  ia  the  fora  of  additioaal 
taadea  operators  ia  the  aetwork.  If,  however,  the  aaalytic  orgaaizatioa 
stractare  satisfies  the  varioas  evalaatioa  criteria  posed  as  part  of  Step 
D,  thea  Phase  I  of  the  desiga  process  is  coaplete  sad  atteatioa  caa  be 
focBsed  oa  realiziag  the  decisioa  rales  as  sctaal  haaaa  iaforaatioa 
processiag  tasks. 


III.  IMPLEMENTATION  OF  DECISION  RULES  -  PHASE  II 


After  ■  job  description  for  etch  orgsnizstion  aember  has  been 
obtained  in  the  fora  of  a  decision  rnle,  consideration  is  focnsed  on  the 
iapleaentation  o.  these  rnles.  This  is  Phase  II  of  the  design  process  and 
corresponds  to  Steps  E  and  F  of  the  nethodology.  Basically,  Phase  II  is 
concerned  vith  (a)  the  translation  of  a  aathematical  stateoent  of  a 
desired  relationship  froa  inputs  to  ontpots  into  a  physical  set-op  in 
which  hnaans  can  atteapt  to  realize  this  desired  relationship  (Step  E) ; 
and  (b)  the  developaent  of  a  description  of  the  actual  inpnt/ontpnt 
relationship  realized  using  the  chosen  physical  set-up,  along  with  a 
description  of  the  induced  workload  (Step  F) .  In  (b),  the  former  is  the 
aeaber's  task  situation  and  the  latter  is  the  information  processing  aodel 
of  the  task. 

In  the  sections  that  follow.  Phase  II  aethodology  steps  are  first 
discussed  in  general  teras.  The  second  section  relates  Phase  II  con¬ 
siderations  to  other  work.  A  third  section  delineates  a  particular  clast 
of  information  processing  models  and  discusses  the  execution  of  Phase  II 
in  terms  of  this  clast.  Finally,  execution  of  Steps  E  and  F  it  considered 
for  one  of  the  members  in  the  analytic  organization  structure  that  was 
suggested  in  Chapter  2  for  the  inspection  task. 


3.1  Phase  II  Methodology  Steps 

3.1.1  Devising  a  Task  Situation  -  Step  E 

In  Step  E  of  the  methodology,  a  physical  set-up  is  devised  so  that 
the  information  processing  that  a  decision  rule  represents  can,  to  the 
greatest  extent  possible,  be  realized  by  humans.  Such  a  set-up,  or  task 
situation,  includes  all  physical  aspects  of  the  means  whereby  inputs  z^ 
and  y^  are  presented  to  an  organization  member.  It  also  includes  the 
physical  means  whereby  values  from  the  sets  U^  and  V.  can  be  selected  as 


responses  by  the  aember.  Besides  the  physicsl  aechnnisms  that  ere 
directly  involved  with  inpnt  end  ontpnt  variables,  task  situation 
specification  takes  into  consideration,  as  necessary,  the  iamediate 
snrronndings  in  which  the  huaian  is  to  be  placed  when  executing  the  task. 
Space  limitations  and  ambient  noise,  for  example,  are  factors  that  could 
influence  the  specification  of  the  task  situation. 

Because  of  the  several  human  sensory  modes  and  the  variety  of 
possibilities  for  presenting  information  using  the  modes,  the  designer  has 
many  options  when  devising  a  task  situation.  Inputs  might  be  presented 
visually  or  by  using  auditory  cues.  Similarly,  output  responses  might  be 
registered  using  voice  or  manual  mechanisms.  The  selection  from  among  the 
many  options  is  left  largely  to  the  judgement  of  the  designer;  in  making 
these  choices,  however,  the  designer  should  take  into  consideration  human 
factors.  Indeed,  Step  E  represents  the  primary  opportunity  to  do  so  in 
the  design  process. 

In  approaching  the  determination  of  a  task  situation  and  weighing  the 
alternatives,  the  designer  should  use  the  decision  rule  y*  as  a  guide. 
The  aim  should  be  to  specify,  with  due  regard  for  the  member's  immediate 
surroundings,  a  collection  of  equipment,  and  directions  for  bow  it  is  to 
be  used,  so  that  it  is  possible  for  the  member  to  execute,  at  least  to 
some  approximation,  the  decision  rule  for  the  task.  Whether  or  not  the 
member  will  actually  achieve  y*  is  considered  in  subsequent  design  steps. 
To  the  extent  that  the  designer  can  anticipate  at  this  point  the 
processing  load  that  a  given  task  situation  will  induce,  so  much  the 
better,  since  this  may  aid  subsequent  design  considerations.  Bowever,  the 
focus  in  Step  E  is  on  translating  key  structural  characteristics  of  the 
decision  rule  into  a  physical  form. 

Suppose  now  that  a  given  member’s  task  situation  has  been  put  into 
place.  That  is,  the  collection  of  hardware  chosen  to  isiplement  the 
decision  rule  has  been  installed  and  the  member  has  been  trained  to  use 
it.  The  next  design  step  will  be  to  represent  the  human  information 
processing  behavior  at  this  task.  This  behavior  will  in  general  be  tied 
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to  the  characteristics  of  the  task  situation.  However,  task  sitnation 
equipment,  once  installed,  may  have  a  number  of  features  that  can  be 
adjusted.  For  example,  if  a  visual  display  is  part  of  the  set-up,  its 
intensity  is  something  that  can  be  adjusted.  On  a  different  level, 
elements  of  the  display  itself  might  be  available  for  adjustment,  such  as 
the  position  and/or  presence  of  a  coordinate  grid  that  is  superimposed  on 
a  display  of  terrain  features.  Variation  in  task  situation 
characteristics  will  also  affect  human  behavior  at  task  execution. 
Therefore,  in  anticipation  of  snbsequent  design  steps,  completion  of  Step 
E  requires  the  delineation  of  a  set  of  variables  that  are  available  for 
adjustment  within  the  task  sitnation,  and  which  are  expected  to  impact  the 
information  processing  behavior  of  the  member  as  he  performs  his  task. 
These  variables  are  the  task  situation  parameters,  and  are  designated  by 


Then  the  design  is  completed  for  an  organization  task,  the  parameters 
6^  will  be  fixed,  i.e.  hard-wired,  at  selected  values.  Because  of  their 
potential  effect  on  human  information  processing  behavior,  however,  it  is 
not  known  at  this  point  in  the  design  what  setting  for  will  be  most 
advantageous  from  the  organization's  point  of  view.  Thus  0^  is  left  as  a 
free  variable  within  the  task  situation  structure  for  the  time  being.  As 
with  the  overall  task  sitnation,  to  the  extent  that  the  designer  can 
anticipate  what  effect  certain  parameters  will  have  on  later  information 
processing  behavior,  it  may  be  possible  to  confine  0^  to  a  small  number  of 
parameters  that  have  a  significant  effect  on  the  organization,  rather  than 
having  a  larger  number,  many  of  which  do  not  substantially  affect 
information  processing  behavior. 


3.1.2  Developing  an  Information  Processing  Model  -  Step  F 

Though  a  task  situation  has  been  devised  with  ideal  organization 
member  behavior  in  mind,  it  will  be  unlikely  that  actual  human  behavior 
will  match  exactly  that  which  is  desired.  This  may  be  due  to  human 
limitations  and/or  to  compromises  made  in  developing  the  task  sitnation. 
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Whit  is  needed,  therefore,  is  s  description  of  how  sn  orgsnizstion  nenber 
sctnslly  scco8q>liBhes  the  infornstion  processing  thst  his  tssh  sitnstion 
requires.  This  is  the  purpose  of  Step  F  in  the  aethodology.  There  sre 
two  eleaents  of  the  description.  One  is  s  chsricterizst ion  of  the  sctnsl 
inpnt/ontput  processing  behsvior  snd  the  other  is  s  aessnre  of  the 
worklosd  induced  by  the  tssk.  Together,  they  constitute  the  inforastion 
processing  aodel  of  the  tssk. 


Given  thst  the  tssk  situstion  provides  s  aesns  for  the  orgsnizstion 
aeaber  to  select  responses  u^  snd  v^  bssed  on  inputs  z^  snd  y^,  the 
input/output  behsvior  reslized  will  by  definition  be  s  aipping  froa  the 
set  r^.  Denote  this  aspping  by  k^  to  distinguish  it  froa  other  eleaents 
of  F^,  psrticnlsrly  y*.  In  the  sequel  it  will  be  convenient  to  view  k^  in 
teras  of  s  conditions!  probsbility  distribution.  Denote  by  k^  the 
distribution  p(ii£,V£ |z£,y^)  thst  is  sssocisted  with  the  aspping  k^. 

The  second  eleaent  of  sn  inforastion  processing  aodel  is  s 
description  of  the  worklosd  induced  by  the  tssk,  which  itself  hss  two 
sspects.  The  first  is  the  definition  of  s  worklosd  aessure  thst  is 
sppropriste  to  the  tssk.  Besides  the  aessnre,  however,  it  is  necesssry  to 
specify,  in  like  teras,  st  whst  point  huasn  liaitstions  becoae  s  fsctor, 
i.e.  St  whst  point  the  huasn  is  overlosded.  For  ezsaple,  if  worklosd  is 
aessured  in  teras  of  tssks  executed  per  hour,  then  the  overlosd  point 
would  be  represented  ss  soae  asziaua  nuaber  of  tssk  executions  per  hour. 
Let  w^  snd  w^  denote  the  worklosd  aessnre  snd  liait,  respectively.  Note 
thst,  depending  on  the  behsvior  thst  results  snd  its  consequences  for  the 
orgsnizstion,  operstion  in  s  overlosded  stste  (where  w^  >  w^)  asy  not  be 
undesirsble.  To  aske  such  s  judgeaent,  however,  it  is  necesssry  to  hsve 
sn  input/output  description  thst  is  vslid  for  operstion  in  the  region  of 
overlosd. 

For  soae  tssks,  it  asy  be  sppropriste  to  use  i  anlti'diaensionsl 
worklosd  aessnre.  Becsnse  worklosd  diaensions  asy  not  be  independent,  s 
generslizstion  is  required  to  specify  worklosd  liaits  in  this  esse.  While 
this  is  possible  in  the  present  context,  it  needlessly  coaplicstes 


discussion  of  the  aethodology.  Therefore,  a  single-dinensional  aeasure 
will  be  assnaed. 

Both  elements  of  the  information  processing  model  will  in  general  be 
affected  by  the  characteristics  of  the  organization  member's  surroundings. 
In  terms  of  the  current  framework,  this  means  that  k^  and  w^  will  depend 
on  »•,  and  6^.  The  generalized  parameters  have  already  been 
included  in  the  formulation  of  a  performance  criterion.  Here  their 
effect,  particularly  on  workload,  might  be  through  the  statistical 
characteristics  of  y^.  Similarly,  the  statistical  characteristics  of  z^ 
may  affect  workload.  This  latter  possibility  is  captured  through  the 
generalized  parameters  n^.  Finally,  as  discussed  in  connection  with  Step 
E,  task  situation  parameters  have  been  defined  primarily  because  their 
values  are  expected  to  influence  the  information  processing  model. 

In  addition  to  characteristics  that  are  external  to  the  human, 
information  F^ocessing  behavior  may  also  depend  on  choices  made  that  are 
internal  to  the  human.  This  may  be  the  case  if,  by  training  or  by  design, 
the  human  has  developed  or  been  provided  with  more  than  one  option  for 
accomplishing  the  information  processing  required  of  him.  For  example, 
suppose  that  the  human  is  to  perform  some  type  of  inspection  task  and  that 
two  methods  are  available  to  him  for  this  purpose.  One  method  involves  a 
detailed  examination  process,  but  the  other  is  such  that  only  a  cursory 
examination  is  made.  Depending  on  how  the  human  chooses  between  his  two 
methods,  processing  load  and  processing  performance  at  the  inspection  task 
will  vary.  To  account  for  the  possibility  that  options  in  information 
processing  may  be  available,  a  set  of  variables  that  represents  the 
selection  of  options  is  postulated  as  part  of  the  information  processing 
model  structure.  These  variables  are  called  information  processing 
parameters  and  are  denoted  by 

As  with  task  situation  parameters,  the  values  of  are  not  assigned 
at  this  point  in  the  design,  but  rather  remain  as  free  variables  whose 
values  are  to  be  selected  later  in  the  design  process.  Dnlike  values  of 
0^,  however,  it  is  not  necessarily  possible  to  *hard-wire*  k^  values. 
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Instead,  one  of  two  interpretations  can  be  assigned  to  selected  valnes. 
The  first  is  that  they  represent  predictions  for  how  an  organization 
■enber  will  elect  to  exercise  his  options.  The  second  is  that  they 
designate  how  the  aeaber  should  be  trained  to  exercise  his  options. 
Either  may  be  appropriate,  depending  on  the  particular  c ircnaistances . 

The  different  X^  interpretations  point  ont  that  hnaan  information 
processing  behavior  in  the  organization  can  also  be  viewed  as  a  matter  for 
design.  If  the  designer  can  specify  the  task  situation,  then  he  can  also 
specify  to  some  extent  how  the  organization  member  should  operate  within 
that  situation,  instead  of  leaving  the  member  to  infer  and  develop  his  own 
method  of  operation.  Thus  specific  training  at  a  task  in  order  to  realize 
desired  inpnt/outpnt  behavior  is  well  within  the  limits  of  the  design 
process,  and  can  be  used  to  arrive  at  an  information  processing  model  of 
choice,  rather  than  one  governed  by  circumstances. 

At  the • completion  of  Step  F,  an  information  processing  model,  with 
inpnt/outpnt  and  workload  components,  will  exist  for  each  member  that 
incorporates  the  effects  of  external  and  internal  parameters.  Formally, 
the  quantities 


kj(6£,Xj,W£,jrj) 

Wi(®i,Xi,«i,ni) 


(3.1) 

(3.2) 

(3.3) 


will  be  specified  for  organization  members.  The  form  in  (3.1)  is  used  to 
represent  the  fact  that  the  realized  input/ontpnt  mapping  k^  changes  as 
the  values  of  6^,  X^,  and  change. 


At  this  point  in  the  design  process,  the  organization  atrncture  is 
■ssentially  complete.  In  addition  to  the  analytic  organization  structure, 
the  task  situation  has  provided  members  with  the  physical  structure  to  do 
their  respective  tasks  and  the  information  processing  model  has  structured 
the  members'  processing  behavior.  It  remains  to  select  values  of 
parameters  within  the  structure,  which  is  the  issue  taken  up  in  Phase  III 
of  the  design. 
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3.2  Approaches  to  Phase  II  Execution 

The  specification  of  (a)  a  vorking  environment,  (b)  a  particular  task 
to  be  perforated  by  hnaans  within  that  environment  and  (c)  a  measure  of 
workload  for  that  task  has  been  the  subject  of  much  scientific 
investigation.  This  section  discusses  some  of  the  approaches  and  methods 
that  have  been  developed  as  a  result  of  these  investigations,  particularly 
those  that  appear  to  be  of  direct  use  in  executing  Phase  II  of  the 
methodology. 

The  discussion  is  organised  into  two  parts  as  follows.  First, 
resources  in  the  literature  are  cited  from  which  approaches  can  be 
extracted  for  decision  rule  implementation.  A  separation  is  made  between 
the  physical  characteristics  of  an  implementation  (task  situation)  and  the 
mental  characteristics  (information  processing  model).  In  practice  this 
distinction  is  not  to  clear.  For  example,  it  may  be  of  considerable 
advantage  to  specify  a  task  situation  for  which  the  information  processing 
requirements  are  well-understood,  and  thus  tiaiplify  execution  of  Step  F. 
Motivated  by  this  interrelatedness,  the  second  part  of  the  discussion 
suggests  a  particular  viewpoint  for  applying  the  approaches  cited  to  the 
execution  of  Phase  II. 

3.2.1  Approaches  to  Decision  Rule  Implementation 
Physical  Characteristics;  Task  Sitnation 

As  outlined  in  3.1,  one  aspect  of  decision  rule  implementation  is  the 
specification  of  the  physical  features  of  the  organization  member's  task, 
snch  as  displays  and  mechanisms  for  response  to  inputs.  Issues  that  are 
considered  in  this  regard  might  include  positioning  of  task  sitnation 
elements,  both  with  respect  to  each  other  and  to  the  organization  member, 
color  and  intensity  of  a  display,  or  the  coding  and  presentation  of  input 


inforaation.  All  of  these  considerations  fall  within  the  reala  of  hnaan 
factors  engineering,  for  which  there  exists  a  substantial  literature. 
Several  recent  texts  [ISl,  [16].  [17]  present  an  orderly  treataent  of 
issues  that  can  arise  in  task  situation  developaent. 

Mental  Characteristics:  Inforaation  Processina  Model 


The  two  eleaents  of  an  inforaation  processing  aodel  are  a  description 
of  the  inpnt/outpnt  processing  behavior  of  the  organization  aeaber.  and  a 
description  of  processing  load  that  the  task  induces.  In  principle  one 
could  approach  the  developaent  of  these  eleaents  independently.  A 
description  of  the  inpnt/ontput  processing  could  be  obtained,  for  exaaple. 
by  constructing  a  siaple  table  based  on  observation  of  the  organization 
aeaiber  as  he  perforas  the  task.  However,  inpnt/ontput  processing  activity 
is  usually  highly  correlated  with  processing  load,  and  thus  the  two 
eleaents  should  not  be  separated.  A  aajority  of  the  approaches  that  aight 
be  used  to  develop  an  inforaation  processing  aodel  pursue  a  description  of 
both  eleaents  of  the  aodel  sianltaneonsly  with  the  goal  understanding  how 
one  interacts  with  the  other.  This  is  often  done  by  identifying  variables 
that  have  an  effect  on  both  perforasnce  of  the  task  and  task  workload.  In 
the  present  context,  such  variables  correspond  to  the  task  situation 
paraaeters  (9^)  and  the  choices  in  processing  (X.^)  described  earlier. 


There  exist  aany  approaches  to  aeasuring  huaan  workload  in  routine 
inforaation  processing  tasks,  activated  by  a  variety  of  issues  and 
involving  a  nnaber  of  scientific  disciplines.  A  recent  classification  by 
Sanders  [18]  defines  three  broad  categories  of  workload  aodels:  (1) 
psychophysiological  aeasures,  (2)  subjective  aeasures  and  (3)  behavioral 
aeasnrea.  In  the  first,  aeasureaents  of  physiological  quantities,  such  as 
heartbeat  rate,  are  correlated  with  changes  in  task  conditions.  A  task 
condition  that  produces  a  higher  heartbeat  rate,  for  exaaple,  is 
considered  to  have  a  higher  workload.  The  second  category  uses  subjective 
assessaent  techniques  to  arrive  at  an  ordering  of  the  workload  induced  by 
a  particular  set  of  task  conditions.  For  exaaple.  a  subjective  scale  is 
often  used  to  rate  the  flyability  of  an  airplane,  with  the  iaplication 


that  an  iatproveaent  in  flyabilitj  rating  corresponds  to  a  lower  workload. 
Sonlsby  [19]  surveys  the  literature  on  these  two  approaches  to  workload 
■odeling.  Moray  [20]  also  discusses  physiological  approaches  to 
describing  workload. 

While  the  nse  of  psychophys iological  and  subjective  aeasures  are 
viable  approaches  to  workload  characterization,  the  third  category  is 
perhaps  the  aost  directly  applicable  in  the  present  context.  This 
category  includes  the  so-called  class  of  "spare  capacity*  approaches, 
where  a  secondary  task  is  used  as  a  device  to  arrive  at  a  aeasure  of 
workload  for  the  primary  task.  Also  included  in  the  category  of 
behavioral  measures  is  an  approach  that  models  workload  directly  using 
mathematical  equations.  Information  theoretic  models  and  the  optimal 
control  model  are  examples  of  this  approach.  Sonlsby  [19]  also  surveys 
the  literature  pertaining  to  this  class  of  approaches,  and  Moray  [20] 
includes  relevant  discussion  that  is  organized  into  control  engineering, 
experimental  psychology  and  mathematical  modeling  sections.  In  addition. 
Pew,  et  al.  [21]  present  an  extensive  review  of  mathematical  models  of 
human  performance  at  information  processing  tasks.  In  more  specific  work. 
Rouse  [22]  develops  mathematical  models  for  estimation  tasks,  and  Green 
and  Swets  [23]  present  a  detailed  treatment  of  the  application  of  signal 
detection  theory  to  human  performance  for  detection  tasks. 

In  addition  to  approaches  that  aim  to  model  and  assess  workload. 
Phase  II  of  the  methodology  can  be  informed  by  results  from  valid 
simulation  models  of  human  behavior.  PROCRU  [24]  and  the  Human  Operator 
Simulator  HOS  [23]  are  among  the  models  of  this  type.  Finally,  there 
exists  an  extensive  literature  in  experimental  psychology  and  mathematical 
psychology  that  documents  and  predicts  human  behavior  in  various 
situations  and  under  various  conditions.  Though  the  emphasis  is  these 
disciplines  is  on  understanding  human  characteristics  on  a  much  more 
fundamental  level,  execution  of  Phase  II  can  still  benefit  from  the 
knowledge  available. 


3.2.2  A  View  on  Applying  Approaches  to  Decision  Rnle  laiplementation 


Many  of  the  approaches  cited  above,  particularly  those  that  seek  to 
represent  hnnan  behavior  using  aatheastical  aodels,  begin  with  a 
particular  task  or  class  of  tasks  (e.g  sigual  detection  or  annual  control) 
for  which  it  is  desired  to  assess  and/or  predict  huaan  perforaance  and 
workload.  A  aodel  is  then  built  that  reflects  fundaaental  aspects  of  the 
task,  and  is  tested  for  its  validity  with  respect  to  soae  explanatory  or 
predictive  expectations.  This  type  of  approach  thus  proceeds  from  (1)  a 
specific  task  to  (2)  a  aodel  of  huaan  execution  of  the  task,  and  then  to 
(3)  an  evaluation  of  the  aodel *s  validity.  This  process  is  illustrated  in 
part  (a)  of  Figure  3.1.  Often  the  aatheaatical  aodel  is  normative,  i.e. 


(a)  (b) 

Figure  3.1  Coaparison  of  Approaches  (a)  Huaan  Modeling  (b)  Phase  II  of 

Methodology 

ideal  huaan  behavior  within  the  task  is  prescribed.  Observed  behavior  is 
then  used  to  assess  whether  huaan  perforaance  aatches  noraative 
expectations . 

I  In  the  context  of  organisation  design,  steps  aiailar  to  those 

outlined  above  are  taken  in  the  course  of  coapleting  Phase  II  of  the 
aethodology.  A  key  difference  exists,  however,  in  the  order  that  they 
occur.  Instead  of  beginning  with  e  specific  task  to  aodel.  Phase  II 
I  begins  with  a  stateaent  of  noraative  behavior  in  the  fora  of  a  decision 


rnle.  In  subsequent  steps  s  tssk  sitnstion  and  sn  inforastion  processing 
Bodel  ere  developed  that  realize  as  closely  ss  possible  noraative 
behavior.  In  executing  these  steps,  it  would  be  of  great  benefit  to  have 
soae  basis  for  deciding  whst  kind  of  task  situation  to  specify  in  an 
atteapt  to  iapleaent  a  given  decision  rule.  Such  a  basis  exists,  however, 
in  the  fora  of  validated  aodels  that  have  been  developed  using  the 
approach  of  Figure  3.1a.  Thus,  given  a  particular  decision  role,  the 
designer  can  undertake  a  aatching  process  (double  arrow  in  Figure  3.1) 
whereby  he  seeks  to  find  an  already  docnaented  description  of  huaan 
behavior  that  is  siailar  to  the  processing  that  it  to  be  realized.  If  a 
Batch  can  be  found  that  is  satisfactory,  the  task  for  which  the  aatching 
description  was  developed  can  becoae  the  task  sitnstion  for  the 
organization  aeaber.  and  the  aatheaatieal  aodel  of  the  task  can  becoae  a 
central  part  of  the  organization  aeaber't  inforaation  processing  aodel. 

Conceptually,  then,  the  organization  designer  csn  view  anch  of  the 
work  in  huaan  aodeling  as  being  a  catalog,  with  each  itea  listed  according 
to  a  description  of  inpnt/ontput  processing  accoaplished.  Under  each 
entry  is  a  description  of  the  task  from  which  and  for  which  the  processing 
aodel  was  developed,  along  with  the  workload  aodel  for  that  task.  Given  s 
specific  decision  rule  to  iapleaent*  the  designer  can  then  look  through 
the  catalog  for  an  entry  or  entries  that  aeet  his  needs.  Having  a 
decision  rnle  to  astch  enables  the  designer  to  focus  his  efforts.  This 
focus  is  viewed  as  a  key  advantage  of  the  aethodology. 

3.3  A  Class  of  Inforaation  Processing  Models 

As  a  vehicle  for  illustrating  aore  concretely  the  various  aspects  of 
an  inforaation  processing  aodel,  this  section  describes  a  particular  class 
of  such  aodels  and  discusses  Step  F  in  teras  of  this  class.  Definition  of 
the  class  is  based  on  assaaptions  coaaonly  used  by  investigators  to  aodel 
huaan  inforaation  processing,  and  in  soae  sense  represents  only  a 
restateaent  of  these  assaaptions  in  teras  of  the  present  fraaework.  It 
should  be  eaphssized  that  while  the  discussion  in  this  section  is  intended 


to  be  illustrative,  the  class  of  models  considered  does  not  exhaust  the 
information  processing  models  that  are  possible  outcomes  of  Step  F. 

The  following  paragraphs  first  consider  the  basic  building  block  of 
the  class,  which  is  a  procedure.  Subsequent  discussion  considers  how 
procedures  are  combined  to  form  more  complex  models  and  indicates  how  the 
quantities  S,  u,  X,  and  n  might  be  manifested  in  terms  of  this  class. 

3.3.1  Procedures 

Sanders  [18]  identifies  a  number  of  viewpoints  that  have  been  taken 
when  modeling  human  behavior,  including  the  view  of  hnmans  as  limited 
capacity  processors.  A  fundamental  premise  in  several  approaches  based  on 
this  view  is  that  humans  accomplish  information  processing  tasks  using 
'programmes*.  A  program  is  a  sequence  of  mental  processing  steps  that  are 
executed  as  'a  unit.  Such  a  view  is  particularly  appropriate  in  connection 
with  a  routine  task  at  which  the  human  has  had  much  practice.  Completing 
the  task  is  simply  a  matter  of  exercising  the  program  that  the  hnman  has 
developed  for  that  task. 

Another  premise  that  is  (according  to  Sanders)  often  associated  with 
a  limited  capacity  model  is  that  mental  processing  resources  are  allocated 
in  an  all  or  nothing  fashion  to  coa^lete  a  task.  As  a  consequence, 
processing  load  is  directly  related  to  observed  processing  time.  Tasks 
that  require  more  time  to  complete  have  required  more  processing  resources 
and  hence  have  a  higher  workload. 

These  two  premises  can  be  formalixed  in  the  preaent  context  as 
follows.  Given  that  a  mental  processing  program,  or  procednre ,  exista  and 
la  being  used  to  accomplish  a  task,  there  emerges  a  well-defined 
relationship  between  inputs  and  outputs  that  characterixea  the  procedure. 
Indeed,  in  some  aense  it  gives  the  procedure  its  identity.  In  terms  of 
Step  F  considerations,  this  relationship  qualifies  as  an  input/ontput 
description.  Denote  by  kp  the  input/ontput  mapping  aasoclated  with  a 
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procedure.  Finally,  if  procedure  execution  tiae  it  taken  to  be  in  direct 
proportion  to  the  nse  of  nental  proceatint  reaonrces,  it  is  possible  to 
derive  a  aeasore  on  task  workload  using  processing  tiae. 


3.3.2  Inforaation  Processing  Models  Using  Procedures 
Single  Procedure 

Using  the  concept  of  a  procedure,  the  construction  of  an  inforaation 
processing  aodel  can  be  considered  in  aore  specific  teras.  In  the 

siaplest  case,  suppose  that  aeaber  i'a  task  situation  is  such  that  a 
single  procedure  is  executed  to  accoaplish  the  required  inforaation 

processing.  The  inpnt/ontpnt  behavior  for  the  task  is  the  inpnt/ontpnt 
behavior  that  procedure  execution  deterainea: 

kj  <4  kp  (3.4) 

Now  assuae,  fox  purposes  of  arguaent,  that  inputs  y  arrive  froa  the 
environment  once  every  t  tiae  units  and  that  a  response  n  is  required  for 
each  one.  Thus  the  procedure  aust  be  executed  every  x  tiae  units. 

However,  procedure  execution  tiae  is  a  variable  quantity.  It  depends  in 
general  on  the  current  values  of  input  variables  x  and  y.  It  alto  depends 
on  the  characteristics  of  the  task  situation.  In  particular,  processing 
tiae  will  vary  as  task  situation  paraaeters  are  varied.  Finally,  in 
addition  to  the  tiae  required  specifically  for  procedure  execution, 

overall  observed  processing  tiae  will  include  a  coaponent  due  to  huaan 
aensoryvotor  delays.  There  will  be  associated  with  this  coaponent  a 
certain  variability  as  well. 

In  view  of  the  above,  a  workload  measure  for  the  procedure  is 
suggested  as  follows.  Given  the  conditions  affecting  procedure  execution 
time,  the  overall  processing  time  for  a  single  procedure  execution  might 
be  represented  as  a  random  variable  tp  drawn  froa  a  distribution 
hp(Gi,Xi,yi) ,  where  the  distribution  itself  characterixes  sensory-aotor 


▼•riation.  Assnaing  hp  to  be  indepeadent  of  input  characteristics,  then 
the  average  processing  time,  as  a  inaction  of  6^,  is  given  fonally  as  a 
conditional  expectation: 

tp(ei)  -  Eitple^)  “  j  J  J  hp(Oj.x..yj)p(z.ly.)p(yj)dtpdyjdZj  (3.5) 

*i  yi  *p 

To  arrive  at  a  workload  aeasnre,  it  is  necessary  to  incorporate  eq.(3.5) 
with  the  reqnireaent  that  one  procedure  execution  be  coapleted  every  x 
tiae  units.  This  can  be  done  by  foraing  the  ratio  of  the  two  quantities. 
That  is.  define 

S<ei) 

-  -  (3.6) 

X 

If  the  average  procedure  execution  tiae  exceeds  the  interarrival  tiae, 
then  the  organization  aeaber  will  be  nnable  to  coaplete  procedure 
executions  fast  enongh;  he  will  be  overloaded.  Conversely,  if  tp  is  less 
than  T,  there  is  snfficient  tiae  for  the  aeaber  to  nse  his  procedure, 
Thns  the  processing  load  liait  is  reached  when  w^  is  nnity,  i.e. 

-  1  (3.7) 

Froa  eq.(3.5)  and  eq.(3.6),  it  is  evident  how  workload  depends  on  factors 
external  to  the  organization  aeaber.  In  particular,  the  generalized 
paraaeters  and  are  given  as 

“i  “  (p(yj).T)  (3.8) 

Jij  -  (p(z^ly|))  (3.9) 


In  eq.(3.5),  the  dependence  of  task  situation  paraaeters  has  also  been 
included  explicitly.  Moreover,  in  addition  to  affecting  processing  tiae, 
it  is  possible  that  6^  will  have  an  iapact  on  the  procedure's  input/output 
characteristics.  This  would  be  the  case,  say,  if  one  of  the  steps  within 
the  procedure  was  accoaplished  directly  in  teras  of  a  task  situation 
paraaeter . 
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Multiple  Procedare  Tatks 

The  discussion  shove  hss  been  for  the  relatively  simple  case  where  a 
single  procednre  is  nsed  to  accomplish  a  given  task.  Nov  consider  the 
case  where  an  organization  member  possesses  more  than  one  procednre.  This 
might  occnr,  for  example,  if  he  has  been  trained  to  perform  a  task  more 
than  one  way.  It  might  also  occnr  as  a  conseqnence  of  a  decision  mle's 
form.  That  it.  the  task  itself  may  be  snch  that  it  decomposes  into  two 
distinct  information  processing  tasks,  each  of  which  has  a  procednre 
associated  with  it. 

In  instances  where  the  organization  member  hat  more  than  one 
procednre.  a  aelection  is  reqnired  as  to  which  procednre  is  to  be  nsed  at 
a  given  time.  In  general,  this  selection  will  be  made  bated  on  the 
current  inputs  and  also  according  to  the  member's  preferences.  The  latter 
dependency  is  an  example  of  a  choice  made  internally  by  the  member. 

The  notion  of  a  mnlti-procednre  information  processing  model  can  be 
formalized  as  follows.  Denote  by  P^Cjiz^.y^)  the  probability  that  the 
procednre  of  member  i  will  be  nsed,  given  that  the  inputs  z^  and  y^  are  to 
be  processed.  The  overall  inpnt/ontpnt  conditional  distribution  k^  is 
then 


ij-  IPi'Jl'i.Ti'  Vj  <’•><» 
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The  distribution  P|(jlz^.y|)  represents  a  selection  among  processing 
options  and  t^j^j  designates  the  procednre  of  the  i^^  member. 

To  the  extent  that  procednre  aelection  is  made  at  the  member's 
discretion,  P^(jlz^.y£)  designates  a  choice  internal  to  the  human.  Thus 
the  information  processing  parameters  will  in  general  include  some  subset 
of  the  possible  distributions  P^Cjlx^.y^).  In  an  extreme  case  where 
procednre  selection  is  entirely  up  to  the  member,  contains  p^(jlz£»y|) 
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as  a  free  paraaeter,  i.e. 


X.J  -  (Pi(j 


(3.11) 


where 


-=  1  .  PjCjlij.yj)  ^ 


(3.12) 


The  workload  aeatare  for  a  anlti-procednre  aodel  has  a  fora  siailar 
to  that  of  eq.(3.10).  By  including  the  conditional  distribution  for 
procedure  selection  in  eq.(3.5).  the  overall  average  processing  tiae 
is  expressed  as 


(3.13) 


Assuaing  the  processing  rate  requireaents  are  as  discussed  earlier, 
substituting  Tpl  (B^)  for  the  nuaerator  in  eq.(3.6)  yields  a  workload 
aeasure  that  reflects  the  aulti-procedure  situation.  Eq.(3.13)  aay  not  be 
a  coaplete  characterisation  of  processing  tiae  in  soae  situations, 
however.  Sanders  [18]  notes  that  additional  processing  resources  and 
hence  additional  processing  tiae  aay  be  required  to  switch  procedures. 
This  has  been  observed  and  aodeled  in  [26]  using  an  approach  based  on 
procedures.  In  particular,  processing  tiae  for  switching  was  found  to 
depend  on  the  relative  frequency  of  switching  to  a  given  procedure.  Thus 
a  wore  accurate  aodel  aight  include  an  extra  tera  (t, ^j)  for  the  average 
procedure  switching  tiae: 


V  5  ["i'J’-Vj'V  ] 


(3.14) 
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3.3.3  SoBBtry 


This  section  has  considered  inforaation  processing  aodels  in  Bore 
specific  terBs.  In  particnlar.  a  procedure  was  defined  as  a  Bodel  fora 
that  is  appropriate  for  characterizing  inforaation  processing  in  routine 
tasks.  Using  procedures  as  a  basis  for  discnssion,  it  was  indicated  how 
each  of  the  quantities  nsed  as  arguaents  in  the  general  inforaation 
processing  aodel  foraalisa  aight  he  realized  in  practice.  These 
quantities  include  task  situation  paraaeters  0^,  inforaation  processing 
paraaeters  interactions  with  other  aeabers  n^.  and  generalized 

paraaeters  that  derive  froa  interaction  with  the  aeaber's  environaent  w^. 
It  should  be  eaphasized  that  the  discnssion  has  been  priaarily  for 
illustration  and  the  aodel  is  not  intended  as  the  necessary  basis  for  all 
inforaation  processing  aodels.  The  fora  will  find  use  elsewhere  in  the 
thesis,  however,  inclnding  the  next  section  where  an  inforaation 
processing  aodel  is  suggested  for  the  first  aeaber  in  the  inspection 
organization  -that  was  considered  in  Chapter  2. 


3.4  Execution  of  Phase  II  -  Exaaple 

To  further  illustrate  Phase  II  of  the  design  process,  this  section 
d  scusses  the  execution  of  Steps  E  and  P  for  a  specific  decision  rule. 

Job  Description 

Becall  the  inspection  task  described  in  Chapter  2.  A  two  aeaber 
analytic  organization  structure  was  proposed,  where  each  aeaber  was  to 
perfora  a  test  on  wafers  of  crystalline  aaterial  as  they  passed  by  on  a 
conveying  systea.  Both  tests  were  such  that  the  diffraction  angle  froa  an 
irradiated  coaponent  was  nsed  as  an  indication  of  its  crystalline 
structure.  The  tests  were  not  perfect,  however,  and  decision  rules  were 
established  for  each  organization  aeaber.  For  the  first  aeaber,  this  rule 
was  a  single  threshold  test: 
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if  >  tj 

else 


t«y  n  •=  1 
say  n  0 


(3.15) 


Eq.(3.15)  represents  ideal  behavior  by  the  first  organization  aeaber.  As 
snch,  it  serves  as  a  target  for  the  specification  of  a  schene  whereby  a 
hnaan  can  actually  observe  the  diffraction  pattern  and  register  bis 
jndgeaent  as  a  response. 


3.4.1  Task  Sitnation  -  Step  E 

The  basic  characteristics  of  the  test  procedure  are  a  brief 
illuaination  of  the  wafer  and  the  ability  to  observe  the  diffraction 
pattern  that  is  returned  from  the  wafer.  This  immediately  suggests  the 
form  of  the  task  situation  required:  it  must  be  such  that  a  visual 
display  of  the  pattern  is  presented  to  the  member.  Furthermore,  since  by 
design  the  organization  member  is  to  select  one  of  two  responses  based  on 
the  observed  pattern,  two  mechanical  buttons  can  be  provided  for  this 
purpose. 

To  complete  the  task  situation  structure,  it  is  necessary  to  adapt 
the  test  to  the  fact  that  the  wafers  are  moving,  and  also  to  find  a  means 
whereby  the  threshold  t^  can  be  used  in  judging  crystalline  structure 
type.  To  resolve  the  first  issue,  it  is  reasonable  to  assume  that  the 
illumination  and  return  of  a  diffraction  pattern  can  take  place  quickly 
with  respect  to  a  moving  wafer's  speed  and  that  the  diffraction  image  can 
be  stored.  Equipment  that  accomplishes  this  can  be  built  into  the  task 
sitnation. 

To  resolve  the  second  issue,  the  threshold  angle  for  discriminating 
between  crystalline  types  can  be  superimposed  on  the  displayed  diffraction 
image.  Thus  the  organization  member's  task  sitnation  can  be  represented 
as  shown  in  Figure  3.2.  The  threshold  angle  for  comparison  has  been 
depicted  as  a  double-headed  arrow,  and  a  representative  diffraction  image 
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Xma^e  Display  Response  Mechanism 

Figure  3.2  Task  Situation  for  Firat  Organization  Menber 

haa  been  abovn.  The  proceaaing  taak  of  the  organization  aember  ia  to 
judge  whether,  on  the  whole,  the  pattern  ia  oriented  at  an  angle  greater 
than  or  leaa  than  the  threahold  angle.  Depending  on  the  judgement  made, 
either  the  or  *>”  button  ia  preaaed,  which  correaponda  to  n  >  0  or  1, 
reapectively.  Completion  of  the  proceaaing  occura  when  a  button  ia 
depreaaed,  the  reaponae  made  it  then  forwarded  to  the  aecond  member.  The 
image  alao  cleara  and  the  diffraction  image  for  the  next  wafer  ia 
displayed  when  it  becomea  awailable. 

Thus  the  task  situation  consista  of  a  mechanism  for  obtaining 
diffraction  images,  and  for  displaying  them  with  the  threshold  t,^ 
superimposed.  It  also  includes  the  mechanical  buttons  that  register  the 
member's  response.  Since  these  two  elements  together  act  to  present  the 
observation  y^  and  to  provide  a  means  for  selecting  a  response  u,  the  task 
situation  is  one  that  meets  the  basic  requirements  of  the  decision  rule. 
Other  elements  of  the  task  situation  are  the  physical  position  of  the 
display  equipment  with  respect  to  the  conveyor,  as  well  as  the  position  of 
the  human  with  respect  to  the  display  and  response  buttons.  Together  they 
make  up  the  structure  of  the  task  situation. 

From  Figure  3.2,  it  is  apparent  that  the  orientation  of  the  double- 
headed  arrow  will  affect  the  responses  made  by  the  organization  menber, 
and  will  thereby  impact  the  realized  input/outpnt  processing  behavior.  It 
also  happens  that  the  value  of  t,  will  affect  workload,  as  will  be 


discussed  shortly.  Therefore,  is  selected  ss  a  task  situation 
paraaieter.  Although  there  are  probably  several  other  paraaeters  that 
could  be  identified  that  affect  the  aeaber's  diffraction  iaage  processing 
behavior,  such  as  display  intensity  or  display  resolution,  only  one  will 
be  included  here  as  part  of  0^: 

-  (tj)  (3.16) 


3.4.2  Inforaation  Processing  Model  -  Step  F 

Given  the  task  situation  for  accoaplishing  the  diffraction  iaage 
test,  a  description  of  hnaan  behavior  at  the  task  is  now  needed.  It  will 
be  assuaed  that  the  task  situation  represents  a  routine  inforaation 
processing  task,  and  that  with  practice  the  aeaber  will  develop  a  aental 
processing  prograa  for  doing  the  task.  Thus  a  single  procedure  aodel  is 
postulated.  While  data  has  not  been  gathered  to  substantiate  and  validate 
the  aodel  suggested,  the  task  itself  is  siailar  to  one  for  which  data  has 
been  collected  (tee  chapter  five).  With  this  caveat,  the  inforaation 
processing  aodel  for  the  first  aeaber  in  the  inspection  organization  is  as 
follows. 

Once  the  aeaber  becoaes  coafortable  with  his  task,  there  will  eaerge 
a  well-defined  inpnt/outpnt  behavior  that  characterizes  the  aental 
procedure  that  is  being  executed.  Because  of  the  borderline  cases  in 
judging  diffraction  patterns,  the  coaparison  with  t^  will  not  be  perfectly 
deterainistic,  however.  Instead,  actual  hnaan  behavior  will  correspond  to 
a  conditional  distribution  k^^  (which  iaplies  an  input/output  aapping  k^^) 
of  the  fora 

kj,  O  p(ulyj)  (3.17) 


where 


p(nly^)  : 


if  n  =  1  wp  1-p 

n  “  0  wp  P 

if  y^  <  n  *  1  wp  P 


(3.18) 


\  n  =  0  wp  1-p 

As  before,  the  doable  subscript  ij  designates  the  procedure  of  aenber 
i.  (The  notstion  has  been  used  in  anticipation  of  further  discussion 
in  chapter  four.)  According  to  eq.(3.18),  the  organisation  aember  makes 
an  error  with  probability  of  p  in  judging  y^  with  respect  to  t^.  If  p  is 
saall,  the  realized  behavior  is  close  to  the  ideal  behavior  sought,  and 
the  decision  rule  has  been  implemented  reasonably  well.  As  p  becomes 
larger,  the  success  of  the  implementation  comes  into  question.  A 
reworking  of  the  task  situation  may  be  warranted,  or  perhaps  better 
training  of  the  organization  member  at  the  task  is  needed.  The  necessity 
to  do  so  is  not  clear  at  this  point,  however,  since  the  implementation  can 
best  be  assessed  only  in  view  of  the  overall  organization.  Finally,  note 
that  the  task  situation  parameter  tj  directly  influences  the 
characteristics  of  k^^. 


Following  the  discussion  in  section  3.3  regarding  procedures,  mental 
processing  resources  and  processing  time,  the  measure  of  workload  for  the 
member  will  be  derived  using  observed  procedure  execution  time.  In 
particular,  assume  that  average  procedure  execution  time,  denoted  tp^^, 
depends  only  on  t^.  As  t^  ranges  from  0  to  180,  the  variation  in  tpji  i> 
shown  in  Figure  3.3.  The  underlying  effect  is  that  as  the  threshold 
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Figure  3.3  Average  Time  For  Procedure  Execution 


comparison  r  le  moves  closer  to  the  horizontal,  it  becomes  less  uncertain 
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■  priori  as  to  vhat  response  will  be  selected.  The  asyametry  about  t^  « 
90  is  becanse  of  the  distribution  on  observations.  Response  time  is 
hishest  when  diffraction  images  are  equally  likely  to  be  oriented  on 
either  side  of  the  threshold.  Since  there  is  an  unequal  distribution  on 
crystalline  strnctnre  types,  the  valne  of  t^  that  makes  n  eqnally  likely 
to  be  0  or  1  is  closer  to  the  more  likely  valne  of  p|,  which  is  p^. 
Altbongh  changes  in  p(H)  will  in  general  affect  t^^^,  it  is  assnmed  that 
the  characteristic  shown  in  Figure  3.3  will  remain  valid  as  p(H)  takes  on 
values  within  the  range  specified  in  the  design  problem  ststement. 

Combining  the  average  processing  time  measure  with  the  requirement 
that  patterns  must  be  processed  fast  enough  to  keep  up  with  the  conveyor 
speed,  the  workload  measure  of  the  first  member  is  given  as 

*1  “  «.19) 
with  a  processing  load  limit  of 

-  1  (3.20) 

This  completes  the  execution  of  Step  F  for  the  first  organisation 
member  in  the  inspection  organisation.  In  sum,  the  information  processing 
model  for  the  task  is  given  as 

»x  “  tpxx<tx>’® 

«x  -  1 

The  model  has  explicit  dependencies  on  the  task  situation  parameter  (t^) 
and  on  one  of  the  generalised  environment  parameters  (R) .  There  are  no 
Internal  choices  made  by  the  member;  hence  is  not  a  factor. 
Similarly,  the  first  member  does  not  receive  inputs  from  the  second; 
hence  is  also  non-existent.  Finally,  an  important  point  to  note  is 
that  eq.(3.21)  is  valid  only  so  long  as  w,  does  not  exceed  w^.  That  is, 
the  inpnt/ontpnt  processing  behavior  represented  by  k^^  is  a  valid 
description  of  actual  behavior  only  when  the  member  is  not  overloaded. 


(3.21) 

(3.22) 

(3.23) 


IV.  DETERMINATION  OF  SATISFACTORY  NOMINAL  DESIGN  -  PHASE  III 


Phases  I  and  II  of  the  design  process  have  focnsed  on  different, 
though  related,  parta  of  the  design.  To  integrate  the  design  elements 
obtained  in  these  tvo  phases,  a  third  phase  is  necessary.  It  is  in  this 
phase  that  the  designer  is  first  provided  with  an  opportunity  to  view  and 
evaluate  the  organization  design  as  a  whole.  It  is  also  dnring  this  phase 
that  potential  tradeoffs  between  organization  performance  and  individnal 
member  workload  are  made  apparent.  Once  snch  tradeoffs  have  been  made  and 
the  integration  of  design  elements  has  been  satisfactorily  completed,  a 
nominal  organization  design  exists  that  meets  design  goals.  The  design 
encompasses  the  specification  of  basic  organization  strnctnre,  delineation 
of  specific  tasks  for  each  organization  member,  and  prescrip¬ 
tions/predictions  for  how  members  ahonld/will  perform  their  assigned 
tasks. 

This  chapter  considers  the  integration  phase  of  the  design 
methodology,  and  is  organized  as  follows.  In  the  first  section,  the 
specific  steps  of  the  methodology  that  are  part  of  Phase  III  are  discnssed 
in  general.  These  include  a  step  to  integrate  design  elements  by  placing 
task  situation  and  information  processing  parameters  for  best  organization 
advantage,  but  also  with  regard  for  workload  limitations  of  individual 
members  (Step  G) .  The  result  of  this  step  is  a  nominal  design.  Once  a 
nominal  design  is  obtained,  however,  it  most  be  evaluated  with  respect  to 
overall  design  goals  (Step  H) .  Finally,  if  a  nominal  design  is  found  to 
be  unsatisfactory,  a  selection  from  among  various  options  for  modification 
must  be  made  (Step  I). 

The  second  section  discusses  the  execution  of  Phase  II  in  terms  of 
the  inspection  organization  considered  in  the  previous  two  chapters. 
Initially,  a  nominal  design  is  obtained  for  this  organization  that  is 
flawed.  Modifications  arc  then  made,  and  eventually  a  satisfactory 
nominal  design  is  obtained. 
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4.1  Phase  III  Methodology  Steps 


4.1.1  Obtsiaing  Noninsl  Design  -  Step  F 

Eeyiew  of  Phase  I  and  Phase  II  Eleaents 


Recall  froB  Chapter  2  that  Phase  I  of  the  design  process  has  resnlted 
in  the  specification  of  an  analytic  organization  strnctnre.  This  includes 
the  nnaiber  of  organization  aeaibers,  their  protocols  for  interaction,  and 
an  analytic  objective  function  that  reflects  organization  perforaance 
goals.  This  function  has  been  foranlated  in  teras  of  inpnt/ontpnt 
aappings  used  by  organization  aeabers  and  in  teras  of  the  generalized 
paraaeters  that  characterize  the  interactions  of  organization  aeabers  with 
their  respective  environaents .  Hist  is, 

Jo  -  Jo<T.«)  (4.1) 

Fnrtheraore,  an  optiaization  process  in  Phase  I  has  selected  the  optiaal 
inpot/ontput  aappings,  or  decision  rules  y* ,  under  the  assnaption  that  to 
is  fixed  at  its  noainal  value  i.e. 

T*  ■  urg  ain  J^ly.to^)  (4.2) 
T 

Phase  II  has  used  the  decision  rule  of  each  aeaber  as  a  noraative 
specification,  or  Job  description,  of  the  processing  that  the  aeaber  is 
supposed  to  perfora.  A  task  situation  has  been  constructed  so  that  this 
processing  can  take  place,  and  an  inforaation  processing  aodel  has  been 
developed  that  describes  the  aeaber's  behavior  as  he  perforas  his  task. 
This  description  Includes  an  actual  input/output  characterization  (k^)  and 
a  aeasnre  of  the  workload  induced  by  the  task  (v^).  Both  coaponents  of 
the  inforaation  processing  aodel  depend,  in  general,  on  task  situation 
(9^)  and  inforaation  processing  (k|)  paraaeters.  They  also  depend  on 
paraaeters  that  characterize  inter-aeaber  interactions  (n,),  as  well  as 


paraneters  that  characterize  a  aenber's  interactions  with  his  environaent 
(w^).  Written  foraally.  the  ontcoae  of  Phase  II  is  then  given  as  two 
expressions: 


kj  *  k^ (9^ I ( n ) 


(4.3) 


'i  “  ;  w. 


(4.4) 


The  quantity  w^  is  the  workload  liait  for  the  organization  aeaber  and 
represents  the  point  at  which  he  becoaes  overloaded. 

Integrating  Design  Eleaents 

In  general,  the  actual  input/output  relationship  realized  (eq.(4.3)) 
by  each  aeaber  does  not  aatch  that  which  is  desired.  Thus  the  ontcoae  of 
Phase  I  does  not  necessarily  aerge  readily  with  the  ontcoae  of  Phase  II. 
The  problea  of  integrating  design  eleaents  is  a  non-trivial  one,  however, 
since  individual  workload  and  input/ontput  relationships  both  depend  on 
the  saae  set  of  paraaeters.  On  the  one  hand,  it  is  desirable  to  adjust 
each  9^  and  X^  so  that  inpnt/output  relationships  k|  are  selected  that 
optiaize  organization  perforaance.  However,  the  possible  9^,  X| 
coabinstions  aay  be  restricted  because  they  induce  a  workload  that  exceeds 
an  organization  aeaber's  liaiis.  In  general,  then,  there  will  be 
tradeoffs  required  between  organization  perforaance  and  individual 
workload . 


The  problea  of  ensuring  that  Phases  I  and  II  converge  and  of 
assigning  values  to  9^  and  X^  can  be  resolved  by  substituting  for  in 
J^,  adding  the  workload  aeasures  of  each  aeaber  as  constraints,  and 
ainiaizing  over  possible  9^,  X^  values.  Stated  foraally,  the  problea 
is  as  follows. 


Constrained  Nominal  Organization  Problem  (CNO) 


Bin  ,w^) 


®eta  (©£  J 

No^e  that  w  has  been  fixed  at  its  nominal  value  u  ,  as  it  was  vhen 
originally  aolving  for  the  decision  mles. 

For  each  6.  X  pair  a  particular  aet  of  inpnt/ontpnt  relationships  k 
is  specified.  The  general  goal  in  Problem  CNO  is  to  find  the  best  0,  X 
pair  with  respect  to  performance  that  does  not  violate  any  individnal 
meter's  workload  constraint.  Becanae  of  the  problem's  complexity, 
however,  aolntion  strategies  other  than  finding  the  global  constrained 
minimum  might  be  pnrsned.  At  one  extreme  is  a  strategy  that  seeks  to  find 
only  feasible  values  of  6  and  X.  with  a  subsequent  determination  of 
whether  these  values  are  good  enough  with  respect  to  design  goals. 
Vhatever  the  solution  strategy,  the  outcome  of  Problem  CNO  is  a  set  of 
values  for  task  situation  (6*)  and  information  processing  (X^)  parameters. 
(In  the  sequel,  a  superscript  c  will  be  used  to  designate  solution  values 
and  other  quantities  that  are  related  to  Problem  CNO.)  In  addition,  a 
particular  set  of  inter-member  interaction  characteristics  is  induced. 
With  «  ■  and  with  the  given  organization  structure,  0^  and  X^  complete 
the  specification  of  a  nominal  organization  design. 

As  it  has  been  formulated.  Problem  CNO  uses  the  workload  limit  as  a 
maximum  level  constraint  on  workload.  In  general,  however,  this  need  not 
be  the  only  form  that  the  workload  constraint  can  take  in  formulating 
Problem  CNO.  While  it  is  true  that  workload  in  excess  of  the  workload 
limit  represents  a  state  of  overload,  it  is  not  necessarily  trne  that  the 
organization  member  cannot  operate  in  this  state.  If  the  inpnt/ontpnt 
model  includes  a  description  of  behavior  vhen  overloaded,  then  the 
constraint  v^  i  v^  may  be  included  as  part  of  k^.  The  essential  feature 
of  the  problem  remains  intact,  however:  workload  limitations  are  taken 
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into  account  when  optinizing  organization  perforaiance . 


When  the  nominal  design  is  implemented,  each  task  sitnation  will  be 
hard-wired  by  setting  6^  *  ^i*  However,  the  values  of  can  be 
interpreted  in  either  of  two  ways.  One  way  is  to  nse  X  as  a  prediction  of 
how  the  organization  member  will  choose  to  accomplish  the  information 
processing  within  his  task.  For  example,  if  the  member  has  several 
options  for  processing  a  given  inpnt  and  X^  models  the  relative  frequency 
of  exercising  each  option,  X^  represents  a  prediction  for  how  the  member 
will  select  from  among  his  options.  Alternatively,  the  solution  value  X^ 
can  be  used  as  an  indication  of  how  the  organization  member  should  be 
trained  to  accomplish  his  task.  Again,  for  the  case  where  X^  represents  a 
aclection  among  information  processing  options,  the  organization  member 
cam  be  inatmcted  to  exercise  each  of  these  options  with  relative 
frequencies  given  by  X|. 


4.1.2  Evaluating  Nominal  Design  -  Step  B 

Once  a  solution  to  Problem  CIW  has  been  determined  and  a  nominal 
design  obtained,  the  designer  can  consider  the  organization  as  a  whole  and 
evaluate  whether  it  meets  original  design  goals.  This  evaluation  takes 
place  in  Step  H  of  the  methodology.  A  variety  of  evaluation  criteria  are 
poasible.  One  category  includes  those  that  relate  to  the  performance  of 
the  organization.  In  particular,  if  a  minimum  level  of  performance,  J^, 
ia  required,  then  the  question  of  whether 

Jo(k(e®,X«,i»N,ji®),m^)  <  (4.5) 

ia  of  interest.  Also  of  interest  in  this  regard  is  the  sensitivity  of 
organization  performance  to  variation  in  0  and  X  about  their  selected 
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J  (k(e®,X®,«*^,n®),w^)  (4.6) 
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Another  evalnation  of  interest  night  be  to  assess  the  sensitivity  of 
the  nominal  design  to  variation  in  the  organization's  environmental 
characteristics,  i.e.  to  variation  in  w  aronnd  u  .  The  quantity 
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(4.7) 


formally  represents  this  sensitivity.  Alternatively,  it  may  be  that  the 
environmental  interaction  characteristics  are  confined  to  some  specific 
set  0: 


w  e  Q 


(4.8) 


(with  a  0  as -well).  In  this  situation,  it  is  of  interest  to  evalnate 
organization  performance  as  u  ranges  over  valnes  in  the  set  Q  and  to 
determine,  for  example,  whether 
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In  addition  to  investigating  the  sensitivity  of  organization 
performance  with  respect  to  uncertainty  in  the  environment,  it  is  also 
necessary  to  assess  the  sensitivity  of  individual  member  workload  to  such 
variation.  Indeed,  this  is  a  key  area  for  evaluation.  More  generally,  it 
is  necessary  to  ensure  that  changes  in  interaction  characteristics,  either 
those  with  other  members  or  those  with  the  environment,  do  not  put  the 
organization  member  into  an  operating  region  that  has  not  been  included  in 
the  information  processing  model.  For  example,  if  operation  in  the 
overload  state  has  not  been  modeled,  then  it  would  be  required  to  ensure 
that  fi^  and  do  not  vary  such  that 


ri(e|,x«, 
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since  if  this  vere  to  hsppen  the  entire  orgsnizstion  would  be  opersting  in 
sn  unknown  (or  st  lesst  nuDodeled)  region.  One  strstegy  for  preventing 
individnsl  aember  overlosd  is  to  evslnste  w^  over  the  possible  n^, 
pairs  and  establish  that  w^  is  never  exceeded.  Since  is  a  dependent 
variable,  this  evaluation  is  Bade  with  respect  to  possible  w  values: 

Bax  j  i  w.  (4.11) 

ii>£  e  0^ 

Another  alternative  for  preventing  BeBber  overload  is  to  ensure  that 
a  BechanisB  exists  whereby  an  organization  Beaber  can  adjust  his  workload 
when  variations  in  and  require  it.  Since  the  task  situation 
paraBeters  will  be  fixed  when  the  organization  is  in  operation,  any 
adjnstBent  in  workload  Bust  be  Bade  through  changes  in  the  way  the  task  is 
executed.  If  the  values  of  are  viewed  as  variable,  then  the 

organization  Beaber  aight  use  thea  to  adapt  his  workload  deaands  so  that 
they  are  within  liaits.  Foraally,  the  deteraination  of  whether  such  an 
adaptation  can  succeed  is  Bade  according  to  whether 

V  «  a  5  3  Aj  s.t.  Wj(0j,Xj,«j,nj)  i  w^  (4.12) 

The  deteraination  of  whether  such  adaptation  will  succeed  requires 
consideration  of  behavior  as  the  organization  aeaber  transitions  froa  one 
operating  point  to  another. 

Thus  a  nuaber  of  evaluation  criteria  for  the  noainal  organization 
design  Bay  be  of  interest.  If  the  design  satisfies  all  criteria,  i.e.  if 
It  Beets  the  organization  design  goals,  then  the  design  process  has  been 
coapleted  as  far  as  the  aethodology  takes  it.  If,  however,  the  noainal 
design  does  not  aeet  design  goals,  then  aodif ications  are  necessary. 
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4.1.3  Nodificttion  of  Noninal  Design  -  Step  I 


Suppose  tbst  evslnstion  of  the  nominsl  orgsnization  design  in  Step  H 
hss  determined  that  a  number  of  flaws  in  the  design  exist.  The  question 
then  arises  as  to  what  modifications  shonld  be  made  so  that  the  design 
becomes  satisfactory.  Ideally,  the  nature  of  the  design's  flaws  will 
indicate  which  of  several  options  might  be  pursued  to  modify  the  design. 
This  section  discusses  several  types  of  modification,  each  of  which 
requires  a  returu  to  an  earlier  methodology  step.  The  process  of 
selecting  one  of  these  options,  given  the  organization's  deficiencies,  is 
Step  I  of  the  methodology.  Though  little  will  be  said  in  a  general  way  on 
how  to  make  such  a  selection,  each  modification  option  discussed  is 
motivated  by  a  particular  type  of  deficiency  in  design. 

Change  in  Solution  Concept 

If  the  nominal  design  is  deficient  because  of  its  sensitivity  to 
variation  in  environmental  characteristics  <■>,  then  it  may  be  appropriate 
to  alter  the  solution  strategy  for  Problem  CNO.  In  particular,  if  u  can 
be  assumed  to  be  au  element  of  a  set  Q,  then  it  may  be  desirable  to  adapt 
a  minmaz  solution  approach.  Formally,  Problem  CNO  can  be  modified  to  be 

Constrained  Nominal  Organization  ~  Minmax  Problem  (CNO-M) 


min  /  max 
9,X  (  weO 

a.t.  w^(9^,X|,Wj,n^)  1  w^ 

The  values  of  9  and  X  that  solve  Problem  CNO-M  establish  an  upper  bound  on 
performance,  given  that  v  remains  within  0.  Therefore,  if  this  per¬ 
formance  value  is  acceptable  with  respect  to  design  goals,  it  is  assumed 
that  variation  in  w  will  not  induce  a  worse  than  acceptable  organization 


Selecting  this  aodificetion  option  does  not  require  any  changes  in 
the  results  of  Phases  1  and  II  of  the  design  process.  Rather,  it  changes 
the  aechanism  for  integrating  design  elements  so  that  it  incorporates  a 
degree  of  robustness  with  respect  to  <■>. 

Change  in  Information  Processing  Options 

A  second  option  for  modifying  an  organization  design  is  to  alter  the 
way  in  which  an  organization  member  performs  the  information  processing 
required  by  his  task.  Changes  of  this  type  might  include  providing  the 
member,  through  training,  with  a  different  method  for  processing  inputs 
into  outputs.  It  might  include  a  change  in  the  processing  methods  that 
were  originally  given.  It  may  even  include  a  restriction  on  the  use  of 
processing  methods  so  that  they  are  executed  only  in  certain  situations. 

Modification  in  the  information  processing  characteristics  of  an 
organization  member  is  an  option  that  might  be  useful  when  the  member  is 
subject  to  overload  because  of  changes  in  and  By  providing 
additional  processing  options  or  revising  existing  ones,  the  designer 
ensures  that  organization  members  will  be  able  to  adjust  their  respective 
induced  workloads,  should  such  adaptation  be  required.  However,  since  an 
information  processing  model  is  a  description  of  how  a  human  performs  a 
particular  task,  it  may  or  may  not  be  possible  to  alter  how  that 
processing  is  performed.  To  the  extent  that  processing  is  done  according 
to  specific  training  and/or  involves  a  selection  among  processing 
alternatives,  it  is  more  likely  that  the  designer  can  actually  carry  out 
changes  in  a  member's  information  processing  behavior.  Any  changes 
require  a  return  to  Phase  II  of  the  methodology,  in  particular  to  Step  F. 
Execution  of  the  design  process  then  continues  forward  from  this  point. 

Change  in  Task  Sitnation 


A  third  option  for  design  modification  is  to  alter  the  task  situation 
of  an  organization  member.  This  option  may  be  most  appropriate  to  nse 
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when  the  workload  of  a  nenber  ia  at  a  generally  high  level  with  respect  to 
the  liait  w^,  or  where  the  aolntion  to  Problem  CNO  places  task  sitnation 
paraaeters  at  extreme  values.  Snch  a  aitnation  indicates  that  there  nay 
not  be  a  good  natch  between  the  task  sitnation,  the  workload  it  induces, 
and  the  operation  of  the  organization. 

Changes  in  the  task  sitnation  are  changes  in  the  physical  aspects  of 
a  decision  rule's  iaplenentation.  A  different  display  or  an  alternate 
physical  response  aechanisa  are  examples  of  such  changes.  Included  in 
this  type  of  modification  ia  the  addition  of  equipment  that  functions  as  a 
"decision  aid",  i.e.  that  effectively  pre-processes  a  member's  inputs  so 
that  a  reduction  in  workload  might  result.  Changes  in  task  sitnation 
return  the  designer  to  Step  E.  Once  a  change  has  been  made,  the  aet  of 
taak  aitnation  parametera  must  be  revised.  The  design  process  then 
continues  forward  with  re-consideration  and  possible  revision  of  the 
information  processing  model. 

Change  in  Analytic  Organization  Structure 

The  most  fundamental  change  in  organization  design  is  made  by 
modifying  the  basic  organization  atrnctnre.  This  type  of  change  may  be 
necessary  if  the  current  nominal  design  is  determined  to  be  wholly 
unsatisfactory  with  respect  to  performance  goals.  Such  a  situation  might 
arise  if  the  designer  initially  misjudged  the  amount  of  workload  that 
would  be  induced  by  the  overall  organization  task,  and  divided  it  among 
too  feu  organization  members.  That  is,  while  the  outcome  of  Phase  I 
(which  is  normative)  might  have  indicated  that  organization  performance 
would  meet  design  goals  (Step  D) ,  the  addition  of  workload  constraints  in 
Phase  II  and  their  integration  into  the  overall  design  could  severely 
limit  the  pest  achievable  level  of  performance.  Additional  organization 
members  may  thus  be  required  so  that  each  will  have  a  lower  workload  and 
can  more  nearly  perform  their  tasks  according  to  their  respective  job 
descriptions . 


A  change  in  organization  structure  returns  the  designer  to  Phase  I  in 


the  design  process,  and  in  aany  respects  represents  a  re-ezecntion  of  the 
entire  aethodology.  Depending  on  the  specific  aiodif ication  made,  however, 
it  nay  be  possible  to  retain  some  of  the  results  and  models  already 
obtained  when  executing  Phase  II.  For  example,  if  organization  members 
are  to  be  added,  a  possibility  for  doing  this  is  to  divide  one  of  the 
original  tasks  into  two  sub-tasks,  leaving  the  other  members'  tasks 
unchanged. 


Summary 


This  section  has  discussed  a  variety  of  options  for  the  modification 
of  a  nominal  organization  design  that  has  been  found  to  be  unsatisfactory. 
This  list  is  certainly  not  exhaustive,  but  it  did  include  options  that 
return  the  designer  to  different  points  in  the  design  process  for 
iteration  on  previously  executed  steps.  Though  each  option  has  been 
motivated  by  a  specific  design  deficiency,  an  exclusive  association  is  not 
necessarily  implied.  The  selection  of  which  option  to  use  is  left  to  the 
judgement  of  the  designer  as  he  weighs  possible  alternatives  to  modifying 
a  nominal  design  to  meet  design  goals. 


4.2  Execution  of  Phase  III  -  Example 

This  section  continues  the  design  process  for  the  inspection 
organization  by  exercising  each  of  the  methodology  steps  in  Phase  111  to 
integrate  the  design  elements  developed  in  previous  chapters.  To  simplify 
the  discussion,  however,  a  successful  integration  of  design  elements 
pertaining  to  the  second  member  is  presumed,  and  attention  is  focused  on 
the  first  member.  In  the  following  sections.  Problem  CNO  is  formulated 
and  solved  for  the  inspection  organization  (Step  G) .  Next  the  nominal 
design  is  evaluated  (Step  H)  with  respect  to  the  criteria  derived  from  the 
design  problem  conditions.  The  results  of  this  evaluation  indicate  a 
design  weakness,  and  two  modification  options  are  considered  to  correct 
the  deficiency  (Step  I).  For  each  option,  the  design  process  is  iterated 
on  previous  methodology  steps,  and  a  satisfactory  nominal  design  is 
finally  obtained. 


In  Chapter  2,  a  two-aember  analytic  organization  strnctnre  was 
specified  to  accoaplish  the  inspection  task.  Decision  rnles  for  each 
■eaber  were  derived  and  had  the  fora  of  threshold  tests.  In  Chapter  3,  a 
task  sitnation  for  the  first  aeaber's  decision  rnle  was  established,  whl*^h 
incorporated  a  visnal  display  and  aechanical  response  buttons.  In  the 
inforaation  processing  aodel  for  this  task,  inpnt/ontpnt  behavior  included 
a  probability  of  error  in  judging  diffraction  pattern  orientation  with 
respect  to  the  threshold.  A  workload  aeasnre  was  derived  using  average 
processing  tiae.  Both  coaponents  of  the  aodel  were  dependent  on  the 
threshold  position.  (See  Figure  3.3  and  eq.(3.18)  for  details  of  these 
dependencies.) 

Given  these  design  eleaents,  the  problea  of  obtaining  a  noainal 
design  can  now  be  foraulated.  (The  absence  of  an  inforaation  processing 
aodel  for  the  second  aeaber  is  addressed  subsequently.)  Following  the 
discussion  of  the  previous  section,  and  taking  advantage  of  the 
decoaposition  possible  within  the  analytic  organization  structure  (see 
chapter  two),  Problea  CNO  takes  the  fora  of  a  three-stage  constrained 
optiaization  problea: 

Insnection  Orianization  Noainal  Desian  Problea  (ND-l) 


Stage  3:  V5(P,)  -  lO  1  1  01 -P, 

Stage  2:  V5(P,)  -  ain  |v«(P,)j 


s.t.  w.CO^.X^.nj.Wj)  ^ 


Stage  1:  Vf(Pj) 


Bin  VS(P,) 


e.t.  ^ 

As  with  the  solution  for  the  decision  rnlet.  Problem  CNO-I  is  one  of 
sweeping  the  terminsl  cost  V^(Pj)  back  through  the  stages.  Here,  however, 
the  constraints  on  workload  have  been  added  at  each  stage  that  involves  an 
organization  member.  Since  no  information  processing  model  has  been 
specified  for  the  second  member,  his  workload  constraint  has  been  shown 
using  the  general  representation.  For  the  first  member,  however,  a 
particular  model  is  available,  and  the  optimization  at  stage  1  is  with 
respect  to  the  first  member's  single  task  sitnation  parameter,  t,^. 


In  the  formulation  of  Problem  CNO-I,  the  quantity  P,  designates  a 
vector  representation  of  the  joint  distribution  P, : 
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'  p(v  *  0,  H  «  H*) 
p(v  *  1,  H  =  H*) 
p(v  -  0,  H  -  H‘) 
p(v  -  1,  H  -  h‘) 


(4.21) 


Solution  to  Problem  CNO-I 


In  principle  the  solution  of  Problem  CNO-I  proceeds  by  solving  the 
problem  at  stage  n  in  terms  of  P^.  When  Stage  1  is  reached,  it  will  be 
necessary  to  make  a  reverse  sweep  to  select  the  task  sitnation  and 
information  processing  parameters  9|  and  X|.  In  order  to  siaqtlify  the 
illustration  of  Phase  III,  however,  the  solution  of  Problem  CNO-I  will  not 
be  pursued  in  detail.  Instead,  attention  will  be  focused  on  Stage  1.  To 
do  this,  assume  that  the  solution  at  Stage  2  is  such  that 


V?(P.)  -  I  0.03  0.15  0.15  0.101-P 


(4.22) 


where  P,  is  the  vector  representation  of  P,  snalogons  to  P, .  In  words, 
the  assnaption  Bade  in  eq.(4.22)  is  that  placenent  of  6,  and  X,  is  such 
that  the  characteristics  of  the  second  aember's  test  are  constant,  given 
the  values  of  n  and  H.  In  particular,  if  the  first  aeaber  incorrectly 
indicates  the  value  of  H,  the  second  aeaber  will  with  probability  0.15 
also  indicate  the  incorrect  value.  Furtheraore,  if  the  first  aeaber 
correctly  indicates  that  B  >  H*  or  H*’.  then  the  second  aeaber 's  test  will 
agree  with  this  indication  with  probability  0.97  or  0.90,  respectively. 


Since  the  a  priori  likelihood  of  H  is  assnaed  to  be  known  and  fixed 
during  the  course  of  obtaining  a  nominal  design,  the  above  assumption 
letves  only  the  Stage  1  constrained  ainiaization  unresolved: 


Problea  CNO-11  (Inspection  Organization’s  First  Stage) 


ain 


[  0.03 


0.15  0.15 


0.10] -P, 


S.t.  ^ 

Problem  CNO-Il  is  the  problem  on  which  the  execution  of  Phase  III  will  be 
focused.  While  it  does  not  include  explicitly  the  consideration  of  the 
full  organization,  it  will  nevertheless  be  sufficient  as  a  basis  for 
demonstrating  in  a  concrete  way  the  considerations  required  in  Phase  III. 


It  is  convenient  to  discuss  the  solution  to  Problem  CNO-Il  in 
geoaetric  terms  using  the  fraaework  developed  in  Appendix  A. 
Specifically,  for  given  p(H).  all  possible  values  of  P,  (and  therefore  P,) 
can  be  represented  in  a  two-diaensional  space  with  basis  selected  as 


p(u  ■  0,  H  ■  H*)  A  p,,  (4.24) 

p(u  -  1,  H  -  H‘)  A  (4.25) 


For  the  present  case,  the  noainal  distribution  on  B  is  given  as  (p^.p^)  ■■ 
(0.2.0. 8)  and  the  locus  of  possible  (p«».Pia)  vulues  is  as  shown  in  Figure 


4.1.  The  locus  is  genersted  parsaetrically  as  ranges  from  0  to  180. 


Figure  4.1  Locns  of  Valnes  for  First  Member  Inspection  Task 

Note  that  as  t^  0,  the  likelihood  that  the  first  member  will  select  n  > 
1  increases  and  the  likelihood  that  n  *  0  decreases.  The  opposite  is  trne 
as  tj  180. 

Problem  CNO-Il  is  solved  by  selecting  from  the  possible  P,  valnes 
represented  in  Figure  4.1  the  one  that  minimizes  V^(P,).  If  P,  is 
expressed  in  terms  of  p,.  p^,  p,,.  and  p^^,  becomes 

Vf(P,)  -  0.15*(p,-tpj)  -  0,12-p,,  -  0.05-pjj  (4.26) 

As  is  evident  from  eq.(4.26),  constant  Vf  loci  in  the  (p^o'Pia^  plane  are 
linear.  Soch  loci  are  shown  in  Figure  4.2  for  several  valnes  of  V^. 
Neglecting  any  effect  of  the  constraint  on  processing  time,  the  best 
performance  possible  corresponds  to  where  the  loci  and  the  P,  arc  are 
tangent.  As  a  consequence  of  the  convexity  of  the  P,  arc  (see  Appendix  A 
and  [27]),  a  single  such  tangent  point  exists. 

Not  all  t^  valnes  are  feasible  when  the  workload  constraint  is  taken 
into  account,  however.  This  is  shown  in  Figure  4.3(a),  where  a  constant 
(R^)~^  -  tpix  has  been  superimposed  on  the  model.  Because 
of  the  constraint,  any  value  of  tpu  greater  than  (Bq)~^  ia  not  feasible, 
which  means  that  an  interval  of  t.  values  must  be  removed  from 


Figure  4.2  IlloetretioB  of  CoBStant  Loci  in  Plane 

consideration  as  solntions.  Fignre  4.3(b)  shows  bow  this  restriction 
affects  P,  walnes.  In  this  sitnation,  the  solntion  to  Problen  CNO-Il  is 
where  the  constant  locns  of  lowest  walne  intersects  the  feasible  P,  arc 
in  Fignre  4.3(b).  This  occnrs  at  point  B,  which  deteraines  the  solntion 
valne  t^.  as  depicted  in  Fignre  4.3(a). 


A  noainal  design  for  the  organisation  now  exists.  The  next  step  is 
to  ewalnate  it  with  respect  to  the  goals  and  operating  conditions  that 
were  given  in  Step  A  as  part  of  the  design  problea. 


4.2.2  Evalnation  of  Noainal  Inspection  Organization  Design 

Froa  the  design  goals  and  operating  conditions  ontlined  in  the 
stateaent  of  the  organisation  design  problea,  several  specific  criteria 
can  be  foranlatad  against  which  to  assess  whether  a  design  is 
satisfactory.  One  is  to  verify  that  the  overall  probability  of  inspection 
error  is  less  than  0.1,  which  aeans  that  fewer  than  10%  of  the  inspection 
decisions  will  be  incorrect.  Froa  Fignre  4.3(b),  it  is  evident  that  the 
aoainal  design  operating  point  aeets  this  reqnireaent,  since  the  ■>  0.1 
locns  is  below  point  B. 
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Figure  4.3  Effect  of  Constraist  on  Problen  CNO-Il  Solution 

A  second  criterion  is  whether  inspection  perfornance  remains 
satisfactory  when  the  fraction  of  unusable  wafers  varies.  Specifically,  a 
range  of  -  0.05  about  the  nominal  value  of  0.20  is  anticipated,  and  it  is 
required  that  the  maximum  error  rate  of  10%  be  maintained  for  any  value  of 
p,  in  the  interval  [0.15,0.25].  Assume,  for  purposes  of  illustration, 
that  changes  in  p,  do  not  affect  the  characteristics  of  the  second 
member's  operation.  Then  the  assessment  of  whether  the  nominal  design  is 
sensitive  to  changes  in  p,  can  be  made  in  terms  of  the  P,  locus.  Figure 
4.4  shows  loci  of  P,  values  for  p,  *  0.15,  0.20,  and  0.25.  The 
qualitative  characteristics  are  the  same  for  each.  In  particular,  point  B 
in  each  locus  corresponds  to  where  t^  *  t^.  Note  that  t^  represents  the 
solution  to  Problem  CNO-Il  only  for  p,  *  0.2.  It  may  or  may  not  be  the 
solution  to  a  reformulated  Problem  CNO-Il  with  p,  *  0.15  or  0.25.  What  is 
shown  in  Figure  4.4  is  how  the  first  member's  operating  point  changes  in 
the  (p«««Pxx)  plane  when  t^  is  fixed  at  t^  and  p,  changes.  The  locus 
Joining  all  points  labelled  B  corresponds  to  all  the  operating  points  when 
p,  a  [0.15,0.25].  Since  this  locus  lies  entirely  above  the  -  0.10  line 
in  the  (Pa»«Pit)  plane,  the  nominal  design  meets  r  iS  criterion  for  being 
insensitive  to  variation  in  the  likelihood  of  unusable  wafers. 

Finally,  a  third  criterion  is  whether  the  nominal  design  can  tolerate 
any  variation  in  the  conveyor  belt  speed.  The  nominal  speed  is  such  that 
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Figure  4.4  Operation  of  Noainal  Organization  as  p.  Varies 

Eg  inspections  are  required  per  ainote,  bnt  this  rate  is  subject  to 
▼ariation  of  i  10%.  It  is  required  to  aaintain  satisfactory  organization 
operation  in  spite  of  changes  within  this  range.  Again,  it  is  assuaed 
that  the  second  aeaber  is  able  to  cope  with  such  a  variation,  and 
attention  is  focused  on  the  first  aeaber.  The  range  in  E  values  is 
illustrated  in  Figure  4.5,  which  ahowa  posaible  (E)~^  values  in  costparison 


-  (R,r' 

\  (I.IRo)*' 


t: 


Figure  4.5  Coi^arison  of  E  Eange  with  First  Neaber  Processing  Tiae 

with  the  average  processing  tiae  characteristics  of  the  first  aeaber.  If 
tj  >  t^,  it  is  evident  froa  Figure  4.5  that  if  E  decreasea  the 
organization  aeaber  will  continue  to  operate  as  desired.  However,  since 


the  aominel  design  places  the  atember  at  an  operating  point  where  * 

,  if  S  increases  the  aember  will  be  overloaded.  Moreover,  it  is  not 
clear  how  the  aenber  will  react  in  this  situation.  He  aay  react  by 
continning  to  inspect  wafers  as  well  as  possible,  bnt  with  a  higher  error 
rate  than  ^,  or  he  aay  react  by  aiaply  giving  np  at  his  task.  This 
uncertainty  in  organization  operation  constitutes  a  deficiency  in  the 
noainal  design. 

In  sna,  the  foregoing  has  been  an  evaluation  of  the  noainal  design 
obtained  as  the  solution  to  Problea  CNO-Il  in  section  4.2.1.  The  design 
was  fonnd  to  be  satisfactory  with  respect  to  two  criteria  that  were 
derived  froa  the  desigr  goals  and  conditions  set  forth  in  Step  A.  A  third 
criterion,  that  of  insensitivity  to  conveyor  belt  speed,  was  not  aet  by 
the  design,  however,  Thns  re-consideration  and  aodification  of  the  design 
are  necessary  in  order  to  reaedy  the  deficiency. 

4.2.3  Modification  of  Inspection  Organization  Design 

There  are  a  nnaber  of  design  aodifications  that  aight  be  aade  in  an 
atteapt  to  resolve  the  difficulty  discovered  in  the  previous  section.  The 
ba  sic  problea  is  that  the  first  organization  aeaber's  noainal  operation 
point  has  been  placed  at  his  processing  load  liait,  and  that  no  provision 
has  been  aade  either  to  describe  his  behavior  when  overloaded  or  to  ensnre 
that  he  never  becoaes  overloaded.  The  following  paragraphs  discuss  two 
possible  aodifications  to  the  design  that  address  this  issue. 

Qiange  in  Solntion  Concept  for  Noainal  Design 

One  strategy  for  iaproving  the  first  aeaber's  tolerance  to  variation 
in  processing  load  is  to  design  the  organization  ao  that  aeabers  are 
deliberately  underloaded,  and  thereby  create  a  processing  load  safety 
aargin.  In  the  present  situation,  this  would  correspond  to  using  the 
fastest  conveyor  belt  speed  when  deteraining  the  placeaent  of  t,^.  This 
strategy  represents  a  aodification  in  the  solution  approach  to  Problea 


CNO;  it  i«  in  fact  a  aiiuiax  type  of  atrategy.  The  aodif ication  is  one 
that  returns  the  designer  to  Step  G.  Rather  than  formally  stating  and 
aolving  the  modified  version  of  Problem  CNO-Il  that  reflects  the  change  in 
aolntion  concept,  the  effect  on  the  nominal  design  solution  will  be 
discussed  directly  in  terms  of  the  (poo'Pii^  plane. 

In  Figure  4.5,  points  C  and  D  correspond  to  where  R  is  at  its  maximum 
value  and  where  the  member  is  at  his  processing  load  limit.  As  is  evident 
from  the  figure,  the  change  in  solution  approach  further  restricts  the  set 
of  feasible  t^  values.  The  corresponding  locus  of  values  are  shown  in 
Figure  4.6.  The  solution  point  for  the  nominal  design  still  corresponds 


Figure  4.6  Operation  in  (p««>Pxi)  Plune  with  Ninmax  Modification 

to  where  the  lowest  value  contour  intersects  the  locus.  According  to 
the  figure,  this  is  point  C,  which  represents  a  new  nominal  design.  Since 
the  nominal  design  has  changed,  re-evaluation  is  necessary  to  aee  if  the 
three  criteria  are  met.  The  first,  that  of  having  organisation  detection 
error  less  than  0.10,  is  satisfied,  as  is  evident  from  Figure  4.6.  The 
second  criterion,  which  is  that  of  insensitivity  to  p,  variation,  is  a 
different  matter,  however.  Figure  4.6  shows  the  locus  of  points 
corresponding  to  operation  at  the  revised  nominal  design  point  as  p, 
varies.  Points  C'  and  C"  correspond  to  where  p,  *  0.15  and  0.25, 
respectively.  According  to  the  figure,  as  p.  moves  toward  0.25, 


oriaoization  inspection  error  rate  exceeds  the  0.1  level,  which  is 
unacceptable.  Thns  the  aodification  aiade  to  the  original  design  has  not 
been  snccessfnl  and  the  design  process  returns  to  Step  H,  where  a 
different  aodification  can  be  tried. 

Qiange  in  Information  Processing  Model 

A  second  strategy  for  improving  the  first  neDber's  tolerance  to 

processing  load  variations  is  to  incorporate  a  mechanism  whereby  the 
member  can  adapt  his  processing  load  to  keep  it  within  limits.  One 

possibility  for  doing  this  wonld  be  to  provide  an  additional  processing 
option  that  has  a  lower  workload.  In  this  way,  if  the  conveyor  belt  speed 
increases,  the  member  can  simply  nse  the  lower  workload  option  on  a 

greater  percentage  of  the  inspections.  This  modification  to  the 
organization  design  requires  a  change  in  the  member's  information 
processing  model,  which  returns  the  design  process  to  Step  F. 

Suppose  that  the  first  member's  added  processing  option  is  the  option 
to  bypass  a  particular  inspection,  leaving  the  decision  entirely  to  the 
second  member.  When  the  first  member  chooses  to  exercise  this  option,  he 
is  instructed  (somewhat  arbitrarily)  to  indicate  that  the  wafer  is  not  de¬ 
fective,  i.e.  to  respond  with  u  «  1.  Assume  that  executing  this  bypass 
option  requires  t^  seconds,  where  t^  is  substantially  less  than  the 

average  time  required  to  complete  a  diffraction  pattern  test.  The  coat- 
ponenta  of  the  information  processing  model  for  the  bypass  option  are 
given  as 

Input/Ontpnt:  k^,:  Tj  u  “  1  (4.27) 

Workload  (Processing  Time):  ^pzs  *  ^g  (4.28) 

Based  on  the  discussion  in  section  3.3,  the  two  options  are  combined 
as  follows  into  a  revised  information  processing  model  for  the  member.  If 
q,^  denotes  the  fraction  the  bypass  option  is  used,  then  the  conditional 
inpnt/ontpnt  distribution  k^  is  given  as 
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(4.29) 


Furtheraore,  astOBing  that  there  ia  ao  additional  proceaeing  tiae  reqnired 
to  fwitch  between  options,  the  revised  workload  aeasnre  is  given  as 

Wj  -  R[(l-qj)-tpjj(tj)  +  qj*tpj,l  (4.30) 

Eq.(4.28)  and  (4.29)  signify  that  Phase  II  has  been  completed  for  this 
design  revision.  Since  q^  represents  a  selection  aaong  options  aade  by 
the  aeaber.  an  inforaation  processing  parameter  has  been  introduced: 

Xj  -  (q^)  (4.31) 

Solution  for  a  revised  noainal  design  will  now  have  to  deteraine  not  only 
a  value  for  t^  but  also  one  for  q^. 

Integrating  the  modified  design  elements  to  obtain  a  revised  noainal 
design  is  done  by  reformulating  Problem  CNO  to  include  the  changes  made. 
Since  the  change  aade  pertains  only  to  the  first  member,  the  second 
member's  operating  characteristics  will  remain  the  same.  In  particular, 
it  is  still  true  that 

V5  -  [  0.03  0.15  0.15  0.101 -P,  (4.32) 

Therefore  a  revised  nominal  design  is  obtained  as  the  solution  to  a 
modified  Problem  CNO-Il: 

Problem  <n«)-Il' 

min  jvt(P.)j 

s.t.  Pq’ r(l~«j) ‘tpaitt,)  +  Qa*tpiiJ  -  ^ 
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Note  tbet  the  previoos  noninal  design  is  still  possible,  i.e.  t^  >  t‘  and 
>  0  is  a  solution  to  Problen  CNO-Il*.  However,  the  additional  degree 
of  freedom  represented  by  may  be  nsed  to  advantage  in  specifying  a 
nominal  design.  Figure  4.7  illustrates  the  region  of  feasible  P,  values 


Figure  4.7  Solution  of  Problem  CNO-11’ 

as  they  appear  in  the  (Pao'Pxi^  plane.  Briefly,  exclusive  use  of  the 
bypass  option  corresponds  to  operation  at  point  S.  All  other  possible 
operating  points  are  determined  by  taking  the  convex  combination  of  point 
S  with  any  point  on  the  original  P,  arc  (which  is  now  the  locus  where  q^  ^ 
0) .  The  constraint  on  workload  eliminates  some  of  these  combinations  from 
feasibility,  however,  which  accounts  for  the  non-convexity  of  th.  regions 
in  Figure  4.7.  See  Appendix  A  for  a  more  detailed  discussion  of  how 
constraints  such  as  eq.(4.30)  map  to  feasible  P,  values  as  represented  in 
the  (p,,,pxx)  plane. 

As  before,  the  solution  to  the  problem,  in  geometric  terms,  is  where 
the  smallest  eqni-V^  contour  intersects  the  region  of  feasible  P,  values. 
According  to  the  figure,  this  occurs  at  point  E.  Since  point  E  is  not  on 
the  original  P,  locus,  it  corresponds  to  a  point  where  q^  ^  0.  That  is, 
the  nominal  design  makes  use  of  the  bypass  option.  The  advantage  is  that 
the  value  of  t^  can  then  be  set  closer  to  the  decision  rule  threshold  t*. 
which  means  that  if  the  member  bypasses  a  few  inspection  tests  he  can  use 
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t  higher  qoality  threehold  ob  the  diffraction  tests  that  he  does  aake. 
lapleaientation  of  the  revised  design  aeans  that  t^  is  fixed  at  its  revised 
value.  It  also  aeans  that  the  organixation  aeaber  is  either  to  be  tra ined 
to  bypass  the  fraction  or  is  predicted  to  bypass  that  fraction  in 
order  to  aaintain  workload  within  liaits. 

Given  the  position  of  point  E  in  Figure  4.7,  it  is  evident  that  the 
current  noainal  design  aeets  the  criterion  of  having  less  than  10% 
inspection  error.  Figure  4.8(a)  illustrates  how  the  aodified  organization 


Figure  4.8  Operation  in  (p««>Pj^2)  Plane  with  Additional  Procedure 

will  operate  as  the  conveyor  rate  R  varies,  again  assuaing  that  changes  in 
R  do  not  affect  the  second  aeaber.  Noainally,  i.e.  with  R  -  R^,  operation 
is  at  point  E.  At  R^  increases  to  (1.1 )R^,  the  aeaber  can  coapensate  by 
bypassing  aore  inspections,  at  was  intended  by  providing  such  an  option. 
This  corresponds  to  aoving  the  operating  point  along  a  line  froa  point  E 
to  point  S.  If  the  operating  point  on  this  line  corresponding  to 
R  *  (l.l)R^  is  such  that  <  0.1,  then  the  organization  aeets  the  third 
evaluation  criterion.  This  is  indicated  to  be  the  ease  in  Figure  4.8(a). 
Note  that  if  R  «  (0.9)R^,  the  aeaber  need  not  bypass  so  aany  inspections. 
In  this  latter  ease  operation  aoves  toward  point  F  in  Figure  4.8(a),  which 
produces  perforaance  that  is  better  than  the  noainal  design. 


Finallf,  there  is  the  issue  of  whether  the  current  nominal  design 
satisfies  the  criterion  of  insensitivity  to  p,  variation.  In  Figure 
4.8(b)  the  arc  from  £'  to  £''  shows  the  locus  of  P,  values  that  are 
possible  when  p,  ranges  within  the  interval  [0.15.0.25],  with  R  *  R^. 
Since  this  arc  is  entirely  above  the  «  0.1  contour,  the  second 
criterion  is  satisfied.  Furthermore,  Figure  4.8(b)  also  shows  the  region 
of  operating  points  possible  as  both  p,  and  R  range  within  their 
respective  intervals.  This  entire  region  is  above  the  »  0.1  contour, 
which  means  that  the  current  nominal  design  is  robust  with  respect  to 
simultaneous  variations  in  p,  and  R.  Thns  the  second  modification  to  the 
original  design  has  been  successful;  a  satisfactory  nominal  organization 
design  has  been  obtained  for  the  inspection  task. 


This  section  has  exercised  the  modification  step  (Step  I)  of  the 
methodology.  The  first  modification  proposed  to  the  original  design  was  a 
change  in  the  solution  concept  for  obtaining  a  nominal  design.  A  minmax 
approach  was  adopted.  This  required  a  return  to  Step  G  of  the  design 
process.  After  obtaining  a  revised  nominal  design,  however,  evaluation  in 
Step  H  found  it  still  to  be  unsatisfactory.  A  second  iteration  on  Step  I 
was  then  executed  and  a  different  modification  was  suggested,  that  of 
providing  the  first  member  with  an  additional  procedure.  The  design 
process  then  returned  to  Step  F  in  order  to  incorporate  this  change,  and  a 
revised  information  processing  model  was  obtained.  Then,  in  Step  G,  a 
second  revised  nominal  design  was  obtained.  This  one  differed 
qualitatively  from  the  original  in  that  a  strategy  of  sometimes  bypassing 
an  inspection  was  found  to  be  a  characteristic  of  the  design.  Evaluation 
of  this  second  revised  nominal  design  was  then  made,  and  it  was  found  to 
be  satisfactory  with  respect  to  the  three  criteria  being  used.  The  design 
process  was  then  terminated,  since  a  satisfactory  inspection  organization 
design  had  been  obtained. 


V.  ElECUriON  OF  METBODOLOGT  -  AN  EXISTENCE  PROOF 


5.1  Introduction 

Although  an  exaaple  organization  design  using  the  methodology  has 
been  partially  carried  ont  in  the  previous,  chapters,  the  discussion  of  the 
methodology  so  far  has  been  largely  at  the  conceptnal  level.  In  this 
chapter,  a  specific  design  problem  is  stated  and  the  methodology  is  nsed 
to  determine  a  complete  nominal  organization  design.  The  purpose  in  doing 
so  is  twofold.  First,  it  provides  another  example  to  illustrate  the 
approach  to  organization  design  snggested  in  this  thesis.  More 
importantly,  however,  is  that  the  completed  design  can  be  operated  as  a 
test  and  partial  validation  of  the  design  approach. 

The  extent  to  which  the  organization  operates  as  designed  provides  an 
indication  as  to  the  viability  of  the  design  approach.  This  is  in  fact  a 
key  point  of  the  chapter,  and  even  of  the  entire  thesis.  Previons 
chapters  have  proposed  an  approach  to  integrating  human  limitations  into 
analytic  organization  models.  This  chapter  describes  the  application  of 
that  approach  to  a  specific  design  problem,  which  results  in  a  design  that 
operates  as  predicted.  As  such,  this  demonstration  serves  as  an  existence 
proof  for  the  applicability  of  the  conceptnal  development  presented  in 
previous  chapters  to  realistic  hnmsn  tesm  decisionmaking. 

The  chapter  is  orgsnized  as  follows.  Th  the  next  section.  Phase  I  of 
the  design  is  executed.  A  design  problem  is  stated  (Step  A),  an  analytic 
organization  structure  chosen  (Step  B)  and  decision  rules  that  represent 
ideal  human  behavior  are  obtained  (Step  C) .  In  the  third  section. 
Implementations  of  these  decision  roles  are  devised,  resulting  in  a  task 
sitnation  and  an  information  processing  model  for  each  organization  member 
(Phase  II).  In  section  four  design  elements  are  integrated  to  obtain  a 
satisfactory  nominal  design.  Section  five  discusses  several  hypotheses 
about  the  behavior  of  the  organization,  and  a  laboratory  version  of  the 
organization  is  exercised  to  test  these  hypotheses.  Finally,  a  summary 
section  conclndes  the  chapter. 


5.2  Analytic  Organization  Strnctnre 
S.2.1  Stateaient  of  Design  Problem 

Consider  the  situation  shown  in  Figure  5.1,  which  is  intended  to 


Figure  5.1  Design  Situation 

capture  some  interesting  aspects  of  a  particular  command  and  control 
situation.  It  is  desired  that  a  decision  regarding  the  presence  or 
absence  of  a  target  be  made  every  time  nnits.  There  are  two  platforms 
involved,  and  each  receives  an  observation  pertaining  to  a  target  every 
time  nnits.  The  observations  are  related  to  signal  energy  received;  if 
a  target  is  present,  there  is  generally  a  higher  level  of  energy  in  each 
observation.  The  fidelity  of  platform  observations  is  not  the  same, 
however.  The  submerged  platform  has  a  signal-to-noise  ratio  that  is 
approximately  25%  lower  than  that  of  the  surface  platform. 

It  is  desired  that  a  coordinated  detection  decision  be  made,  i.e.  the 
information  in  each  set  of  observations  is  to  be  fused  in  some  fashion. 
However,  dne  to  security  considerations,  communication  between  platforms 
is  severely  limited.  In  addition,  there  is  to  be  a  maximum  delay  of 
time  units  between  the  arrival  of  a  set  of  observations  and  the  detection 


decision  associited  with  that  set.  Both  and  are  subject  to 
approximately  a  -  5%  variation  in  their  nominal  values,  and  it  is  desired 
that  ezecntion  of  the  detection  task  not  be  sensitive  to  snch  variations. 
Finally,  the  detection  error  rate  is  to  be  as  small  as  possible,  but  to  be 
at  all  satisfactory,  there  mnst  be  less  than  1S%  errors  when  the  target  is 
present  with  probability  0.6. 


5.2.2  Specification  of  Analytic  Organization  Structure 

The  description  above  is  presented  to  the  organization  designer.  To 
begin  the  design,  the  statements  made  mnst  be  translated  into  analytic 
terms  that  specify  the  basic  form  of  the  organization,  and  that  are 
adequate  representations  of  design  requirements.  This  process  requires 
choices  by  the  designer,  some  of  which  are  matters  of  interpretation. 
Many  snch  choices  will  be  made  in  the  course  of  completing  the  design  at 
hand.  There  is  no  claim  made  that  the  nominal  design  obtained  is  unique. 
Indeed,  depending  on  the  choices  made,  it  is  possible  to  use  the  design 
methodology  on  the  same  design  problem  and  arrive  at  many  different 
designs.  In  the  development  that  follows,  some  choices  have  been  made  for 
convenience.  Others,  however,  have  been  made  so  that  simplicity  of 
structure  might  be  retained  for  purposes  of  exposition.  Still  others  have 
been  made  so  that  the  organization  that  results  is  capable  of  operation  in 
a  variety  of  distinctive  modes. 

In  form,  the  organization  will  be  specified  to  have  two  human 
members,  one  on  each  platform.  Their  interconnection  will  be  as  shown  in 
Figure  5.2,  which  also  summarizes  features  of  the  analytic  model  to  be 
used.  The  a  priori  likelihood  of  B,  which  is  the  target's  presence  or 
absence,  is  modeled  by  the  probabilities  p^  and  p,,  respectively.  The 
design  will  proceed  under  the  assumption  that  p^  >  0.6.  Observations  made 
by  each  platform  are  assumed  to  be  conditionally  Gaussian  and  independent 
from  one  interval  to  the  next.  Using  the  quantity  Am/o  as  the  measure  of 
signal-to-noise ,  the  fact  that  the  surface  platform  has  a  higher 


H*  absent  wp  P0 
H'  present  wp  p, 


Figure  5.2  Analytic  Organization  Structure  for  Detection  Task 
observation  fidelity  is  modeled  by  assuming  that 


Within  the  structure,  the  first  organization  member  is  presented  with 
the  observation  y^  and  must  decide  between  one  of  two  indications  to  pass 
as  the  value  of  u  to  the  second  organization  member.  The  choice  of 
symbols  for  u  is  limited  in  order  to  minimize  communication  between 
platforms.  In  particular,  the  specified  structure  requires  communication 
of  a  single  bit  of  information  every  time  units.  The  received  value  of 
u  is  used  by  the  second  member,  along  with  the  observation  that  has  been 
made  at  the  surface  platform  (y,),  to  arrive  at  a  detection  decision  v  for 
the  organization. 


It  is  assumed  that  detection  decisions  are  made  independently  from 
one  set  of  observations  to  the  next.  That  is,  the  organization  will  not 
possess  memory  in  the  aense  of  having  to  consider  and  assess  sequences  of 
observations.  (This  may  be  done  outside  the  present  organization, 
however,  perhaps  by  another  agent  who  accumulates  the  indications  v  over 
time.)  Thus  the  organization  model  is  static  in  nature,  but  the  detection 


task  that  it  represents  is  to  be  repeated  every  time  units. 


The  analytic  organization  structure  is  now  in  place.  A  two  member 


taodeo  distribated  detection  network  has  been  specified  that  is 
analytically  similar  to  the  inspection  organization  considered  in  Chapter 
2.  The  sets  ,  U^,  V^,  and  are  the  same  for  both  structures.  A 
different  set  of  environmental  characteristics  are  of  interest  for  the 
detection  task,  however.  From  the  organization's  point  of  view  the 
quantities  and  are  subject  to  variation  and  are  therefore  included 
as  elements  of  w: 

«  =  (■Co'‘^d^  (5.2) 


5.2.3  Decision  Rules  for  Organization  Members 

Given  the  analytic  organization  structure,  the  next  step  is  to  select 
the  decision  rules  for  each  member.  From  the  statement  of  the  design 
problem,  the  natural  performance  measure  of  the  organization  is  the 
probability  of  detection  error,  i.e. 


Jp(y,<D)  =  prCtarget  detection  error)  (5.3) 

Minimum  is  desired,  but  an  additional  requirement  is  that 

=  0.15  (5.4) 


Eq.(5.4)  represents  one  criterion  for  evaluating  a  nominal  organization 

design.  A  second  that  can  be  inferred  from  the  design  problem  statement 

it  that  the  nominal  design  should  be  insensitive  to  variations  in  t_  and 

o 

^d- 


The  solution  to  Problem  DR  in  the  present  case  is  identical  to  the 
solution  in  the  case  of  the  inspection  organization.  In  particular,  since 
time  is  not  an  explicit  part  of  the  analytic  structure,  the  solutiou  is 
not  dependent  on  w.  The  decision  rules  for  members  are  threshold  tests: 


Yl  - 


n  =  1 


n  =  0 


Yj  :  if  n  =  j  ind 


y,  -  t- .  V  =  1 

'2  2j 

y-  <  f-* .  V  =  0 

'2  2j 


,  j  =  0,1  (5.5 


Appendix  B  contains  the  details  of  the  solution  for  the  present 
organization,  including  the  specific  values  used  for  all  parameters.  Use 
of  the  decision  rules  yields  a  probability  of  organization  error  of  0.06, 


Jo(t  .w  )  =  0-06 


(5.6) 


rhis  is  well  within  the  minimum  performance  level  for  a  satisfactory 
design.  Phase  I  of  the  design  can  thus  be  considered  complete,  and 
attention  can  be  focused  on  implementation  of  the  decision  rules. 


5.3  Decision  Rule  Implementation 

5.3.1  Time  Allocation 

In  the  specification  of  an  analytic  organization  structure,  it  was 
not  necessary  to  address  how  the  time  available  for  detection  should  be 
allocated  between  members.  In  developing  implementations  for  decision 
rules,  however,  this  allocation  is  an  important  consideration.  For  the 
present  design,  the  first  member  will  be  required  to  process  observations 
at  the  same  rate  that  they  arrive.  That  is,  he  must  make  a  threshold 
comparison  test  every  time  units,  where 


(5.7) 


This  leaves  t,  -  t.  time  units  to  communicate  u  to  the  second  member  and 


for  the  second  Beober  to  complete  bis  processing.  Assoae  that 

coBBnn icat ion  time  is  negligible.  Then  the  second  aember  is  required  to 
determine  bis  response  in  time  units,  where 

T,  =  -  Tj,  (5.8) 

Finally,  in  order  for  the  allocation  made  in  eqs.(5.7)  and  (5.8)  to  make 
sense  it  must  also  be  true  that 

T,  1  Xj  (5.9) 

Otherwise,  the  second  member  would  be  processing  at  a  rate  slower  than 
that  of  arriving  observations,  which  would  constitute  an  unworkable 

design . 

In  the  sequel,  and  to  a  large  extent  simply  for  variety,  two 
different  interpretations  will  be  given  to  the  quantities  x^  and  x,.  The 
time  allocated  to  the  first  member  will  be  considered  as  an  average 

processing  rate  requirement.  Individual  observations  may  differ  greatly 
in  the  time  it  takes  for  them  to  be  processed  by  the  member.  So  long  as 
the  average  time  taken  is  such  that  the  member  does  not  fall  behind  in 

processing.  however,  the  organization  design  requirement  will  be 
satisfied.  By  constrast,  the  second  member  will  be  restricted  to  take  no 
more  than  x,  time  units  to  process  any  one  observation.  In  practice  this 
will  mean  that  the  processing  on  each  observation  should  take  about  the 
same  amount  of  time  and  have  an  average  of  no  more  than  x, .  The  notion  is 
that  the  second  member  is  operating  under  the  pressure  of  a  deadline. 

(hialitatively,  the  interpretations  given  to  x^  and  x,  are  such  that 
the  first  member  is  driven  by  an  input  clock,  i.e.  an  outside  source  is 
effectively  'pushing'  the  member  to  complete  his  required  processing.  On 
the  other  hand,  the  second  member  is  subject  to  an  output  clock;  he  is 
effectively  being  'pulled'  by  an  outside  source,  perhaps  another  agent  who 
intends  to  use  the  detection  decision.  If  both  members  operate  as 
envisioned,  however,  the  basic  requirements  represented  by  x^  and  x^  will  ( 

be  met . 
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S.3.2  First  Organization  Member 

Task  Situation 


To  implement  the  first  member's  decision  rule,  a  physical 
must  be  devised  that  is  capable  of  presenting  the  observations 
human  and  of  recording  his  responses  u.  Furthermore,  it  must  be 
a  comparison  with  the  threshold  t^  can  be  made.  The  task 
selected  to  accomplish  this  is  illustrated  in  the  upper  part 
5.3.  The  organization  member  views  the  continnons  display  of 


interface 
y^  to  the 
such  that 
s ituat ion 
of  Figure 
a  square. 


uAX  ©  ® 


Figure  5.3  First  Member  Task  Situation 


wh  ere  the  vertical  centerline  of  the  square  (not  displayed)  corresponds  to 
the  average  of  m^,  and  m^^.  The  threshold  t^  is  continuously  displayed  as 
a  vertical  line  according  to  its  value.  Observations  are  displayed  as  the 
pattern  shown  in  the  figure,  where  the  horizontal  midpoint  corresponds  to 
the  value  of  y^.  For  each  pattern  displayed,  the  member  is  to  judge 
whether  the  midpoint  is  left  or  right  of  the  vertical  threshold  line,  and 
to  register  the  judgement  by  depressing  one  of  two  mechanical, 
horizontally-arranged  buttons.  The  button  depressed  it  interpreted  as  the 
value  of  u  to  send  to  the  second  member:  left  button  »>  u  =  0;  right 
button  «>  u  “  1. 
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In  the  lower  part  of  Figure  5.3.  the  underlying  distribution  on 
observations  y^  is  shown.  The  upper  and  lower  illustrations  have  been 
made  on  a  consistent  scale  so  that  the  range  and  relative  likelihood  of 
pattern  positions  can  be  inferred. 

As  the  organization  operates,  observations  arrive  to  the  first  member 
at  the  rate  of  one  each  time  units.  Recall  that  time  has  been 

allocated  and  interpreted  such  that  the  member  must  keep  up  with  the 
arrival  rate.  The  dial  at  the  top  of  the  task  situation  display  is 
provided  to  aid  in  meeting  the  requirement.  Its  clockwise  displacement 
indicates  the  number  of  observations  that  have  arrived  and  are  waiting  to 
be  processed.  Thus  if  the  member  is  operating  satisfactorily,  the  dial 
position  will  remain  near  the  top  (zero). 


Information  Processing  Model 


For  the  task  situation  shown  in  Figure  5.3.  a  model  of  human  behavior 
is  required.  This  involves  both  an  input/output  description,  i.e.  a 
characterization  of  human  ability  to  judge  the  position  of  pattern 
midpoints,  at  well  as  a  description  of  the  workload  induced  in  making 
these  judgements. 


Execution  of  the  task  is  such  that  after  a  period  of  training  the 
member  develops  an  established  mental  processing  method  for  judging 
patterns.  The  level  of  proficiency  is  such  that  virtually  error-free 
judgements  can  be  made  when  the  member  views  a  pattern  carefully.  A 
response  of  this  type  will  be  referred  to  as  a  stimulus  controlled 
response  (SCR).  The  Input/output  behavior  when  making  an  SCR  can  be 
stated  compactly  as  the  mapping  k^Q^,  where 


^SCR^*1^  '•  ^1 


if  y^  1 

p(u 

•=  1)  •=  1 

else 

p(u 

-  0)  =  1 

(5.10) 
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Assuming  that  the  organization  member  applies  his  processing  re¬ 
sources  in  an  all  or  nothing  fashion  (see  chapter  three),  processing  time 
can  be  used  to  develop  a  measure  of  the  workload  induced  when  making  an 
SCR.  The  average  time  to  make  an  SCR.  denoted  t^^^  has  been  observed  to 
▼ary  with  threshold  position  typically  as  shown  in  Figure  5.4.  The  basic 


ThretkolJ  Position 

Figure  5.4  First  Member  SCR  Average  Processing  Time  (Typical) 

effect  is  that  at  t^  moves  to  an  extreme  value  (left  or  right),  the  a 
priori  uncertainty  in  the  required  response  is  reduced.  It  therefore 
takes  less  time,  on  average,  to  make  the  response.  (Appendix  B  documents 
the  conditions  under  which  the  data  shown  in  Figure  5.4  were  obtained.) 
As  indicated  in  the  figure,  a  valid  description  of  SCR  behavior  is  limited 
to  tj^  values  in  the  range 

tj  e  [m^,  -  Oj.  m^j  +  a^J  (5.11) 

Furthermore,  it  is  assumed  that  linear  interpolation  can  be  used  to  obtain 
^SCR  threshold  positions  for  which  explicitly  observed  data  are  not 
available . 

Following  on  the  discussion  in  Chapter  3,  and  assuming  that  only 
stimulus  controlled  responses  are  made,  the  quantity 

(T,)-‘.IscH  <5.12) 
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cm  be  need  as  the  workload  aeaeore.  So  long  at  tbit  quantity  is  less 
than  nnity,  the  Beaber  can  (on  the  average)  keep  pace  with  observation 
arrivals,  and  his  inpnt/ontput  behavior  will  be  that  of  When  the 
organisation  is  in  operation,  t^  will  be  fixed  and  hence  tg^|(  is  also 
fixed.  If  it  happens  that  (5.12)  is  near  nnity  under  nominal  operating 
conditions,  then  it  is  possible  that  variation  in  could  cause  the 
aeaber  to  become  overloaded.  This  is  a  situation  that  has  not  been 
accounted  for  in  the  inforaation  processing  aodel  thus  far.  but  must  be 
addressed  if  a  aatisfactory  design  is  to  eaerge. 

Rather  than  extend  the  inforaation  processing  model  to  include  a 
description  of  behavior  when  overloaded,  a  aechanisa  will  be  provided 
whereby  the  aeaber  can  adjust  his  workload  to  keep  it  within  limits,  even 
in  view  of  possible  variation  in  This  is  accomplished  by  giving  the 
aeaber  a  second  information  processing  option.  Besides  making  an  SCR,  the 
aeaber  will  be  allowed  to  ignore  the  presented  pattern  and  to  respond  by 
arbitrarily  pushing  either  button.  This  type  of  response  will  be  referred 
to  as  a  fast  guess  (FG) .  The  basic  idea  is  that  a  fast  guess  will  require 
less  tiae  to  execute  and  can  thereby  be  used  as  necessary  to  keep  workload 
within  limits. 

The  fast  guessing  option  has  input/outpnt  and  processing  tiae 
characteristics  as  follows.  It  is  assumed  that,  while  the  aeaber  responds 
arbitrarily,  he  does  so  with  aoae  fixed  bias  toward  pushing  a  left  or 
right  button.  Thus  the  input/output  behavior  is  given  by  the  distribution 
kpQ,  where 

In  «  1  wp  1-gj 

n  (5.13) 
u  “  0  wp  gj 

The  quantity  g^  models  the  bias  toward  selecting  the  left  button  during  a 
fast  guess.  Its  value  can  have  a  significant  effect  on  organisation 
design  and  operation,  as  will  be  discussed  later.  For  the  present, 
however,  it  is  assnaed  that  fast  guessing  is  done  with  a  50/50  bias,  i.e. 
g^  B  0.5.  Finally,  because  fast  guessing  is  essentially  accomplished 


independently  of  pattern  characteristics  or  threshold  position,  the 
average  tiaie  required  for  an  FG,  ,ttnoted  tpg,  is  a  constant.  Observed 
fast  gnessing  behavior,  as  described  in  Appendix  B,  establishes  tha  ‘  *FG 
is  approximately  180  ms. 

The  information  processing  options  can  now  be  combined  to  form  the 
overall  information  processing  model.  Inpnt/ontpnt  behavior  is  described 
by  the  conditional  distribution  k^,  where 

“  <l-<li>*ksCR<‘i>  +  9i‘^FG 

The  quantity  q^  is  the  fraction  of  fast  gnessing.  The  quantities  k^, 
^SCS'  ^FG  conditional  probability  distributions  of  the  form 

pCnly^),  with  possible  additional  dependencies  on  task  situation  and 
information  processing  parameters.  The  overall  average  processing  time 
Tpj  is  given  as 

Tpj  *  *  ^i"^FG  (5.15) 

which  can  be  incorporated  with  to  obtain  the  workload  measure 

Wj  -  Tpj-(Xj)"*  (5.16) 

Finally,  the  member  is  constrained  to  operate  so  that  he  is  not 
overloaded,  i.e. 

Wj  <  Wj  -  1  (5.17) 

Eq.(5.14)-(5.15)  are  basically  the  Fast  Guest  model  of  Tellot  [28]  adapted 
for  the  present  task  situation.  Note  that  both  k^  and  w^  depend  on  q^  and 
t^.  If  tj  is  set  to  be  t*  and  q^  is  zero,  the  member  will  realise  his 
decision  rule  exactly,  that  is,  he  will  perform  exactly  according  to  hit 
job  description.  However,  because  of  workload  limitations  and 
environmental  nncertainty,  it  will  be  of  possible  advantage  to  leave  t^ 
and  q^  as  free  parameters  for  the  present  and  to  place  them  at  a  later 
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design  stage.  Consequently,  they  become  elements  of  6^  and 
respectively.  In  terms  of  the  general  methodology  framework,  the 
generalized  parameters  that  pertain  to  the  first  member  are  given  as 


(5.18) 

(5.19) 

(5.20) 

(5.21) 


It  is  interesting  to  note  that,  though  it  has  not  been  included  as  such, 
the  fast  gnessiug  bias  (g^^)  is  a  quantity  that  qnalifies  as  an  information 
processing  parameter,  since  it  represents  a  choice  made  that  is  internal 
to  the  human.  As  a  matter  of  design  choice,  however,  in  the  present 
situation  the  value  of  g^  is  fixed  and  will  not  be  part  of  the  opti¬ 
mization  process  that  placet  8  and  X. 


5.3.3  Second  Organization  Member 


Task  Situation 


The  decision  rnle  of  the  second  member  will  be  implemented  as  the 
visual  information  processing  task  shown  in  Figure  5.5.  Depending  on  the 
indication  received  from  the  first  member,  either  of  two  displays  are 
possible.  If  n  B  0,  then  the  threshold  t,^  is  displsyed  as  a  horizontal 
line  and  the  observation  y,  is  displayed  vertically  displaced  according  to 
its  value.  If  u  >  1,  however,  the  threshold  t,^  is  shown  vertically  and 
the  observation  is  displaced  horizontally  according  to  its  valne.  The 
specification  of  horizontal  and  vertical  modes  of  display  has  been  made, 
not  for  practical  reasons,  but  to  emphasize  the  effect  of  the  additional 
workload  required  when  humans  switch  between  tasks.  Both  cases  are 
displayed  within  the  same  square  border,  which  is  visible  to  the  member  at 
all  times.  Two  horizontally  arranged  mechanical  buttons  are  provided  to 
register  the  result  of  the  meter's  threshold  comparison  test.  The  left 
button  is  to  be  depressed  if  the  dot  is  below  (t,,)  or  to  the  left  (t,^) 


Figure  5.5  Second  Member  Task  Sitnatioa 

of  the  threshold,  and  the  right  button  is  to  be  nsed  when  the 
complementary  situations  arise. 

Recall  that  the  second  member  is  constrained  to  meet  a  deadline  of  t, 
time  units  in  processing  each  obserwation.  An  auditory  mechanism  is  used 
to  indicate  that  the  deadline  has  been  reached.  When  time  expires,  a 
'beep*  is  sounded.  Thus  the  member  must  perform  his  task  so  that  either 
he  hears  few  beeps  or  hears  a  beep  Just  as  he  depresses  a  button. 


Information  Processing  Model 


As  with  the  first  member,  the  information  processing  model  of  the 
second  member  will  include  an  input/output  mapping  that  describes  human 
behavior.  Furthermore,  processing  time  will  be  nsed  as  the  fundamental 
indication  of  processing  load.  The  model  will  differ  from  that  of  the 
first  member  in  a  key  respect,  however.  Whereas  for  the  first  member  an 
overload  condition  is  to  be  avoided,  the  second  member  will  be 
deliberately  placed  in  a  situation  where  he  is  overloaded.  Stated  in 
terms  of  the  workload  measure,  the  member  will  be  operating  where  the 
processing  time  required  to  complete  his  task  exceeds  the  processing  time 
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Allowed.  The  aodel  developed  will  therefore  not  be  of  the  fom  where  a 
hard  constraint  on  workload  exists.  Rather,  it  will  have  to  take  into 
account  how  hnaen  behavior  is  affected  as  the  degree  of  overload  changes. 


To  begin  developaent  of  the  aodel,  consider  first  the  processing  tiae 
required  to  do  the  task.  A  key  paraaeter  that  affects  the  average 
processing  tiae  is  the  frequency  of  each  threshold's  use,  i.e.  the  aaount 
of  switching.  Denote  by  q,  the  quantity  p(u  >  0).  Figure  5.6  shows  a 


u 


HorixonTol  TKreakeld  Use 


Figure  5.6  Second  Neaber  Processing  Tiae  (Typical) 

typical  relationship  observed  between  average  processing  tiae  T^,  and  q, . 
The  data  shown  were  obtained  for  the  condition  where  the  aeaber  was 
responding  as  quickly  as  possible  without  asking  any  input/ontput  errors 
(see  Appendix  B) .  At  the  extreaes,  where  no  switching  is  required,  it  is 
evident  that  horixontal  threshold  co^arison  tests  (q,  >>  1)  take  longer 
than  vertical  threshold  coaparison  tests  (q,  ■  0).  In  between,  there  is 
considerable  overhead  required  in  teras  of  processing  tiae  to  switch 
thresholds.  This  is  because  the  aeaber  aust  re-orient  hiaself  as  to  the 
proper  correspondence  between  the  dot's  position  vis  a  vis  the  threshold 
and  the  response  buttons.  It  is  evident  that  the  aaount  of  overhead  is 
directly  related  to  the  relative  frequency  of  switching.  [26]  proposes  a 
specific  aodel  fraaework  in  which  the  effect  shown  in  Figure  5.6  is 
understood  in  tens  of  two  processing  aethods,  one  for  horizontals  and  one 
for  verticals,  plus  a  specific  switching  overhead  characterization. 
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Though  not  incorporated  directly  here,  this  framework  has  inflnenced  the 
model  developed  to  describe  the  second  member. 


Now  consider  the  case  where  the  member  is  not  given  enough  time  to 
perform  his  task,  i.e.  he  is  overloaded.  The  result  is  that  errors  are 
made  in  processing  observations,  and  the  error  rate  is  directly  related  to 
the  amonnt  by  which  the  member  it  overloaded.  The  basic  effect  it  known 
at  the  speed/accnracy  tradeoff  and  has  been  studied  extensively.  In 
particular.  Pew  [29]  suggests  a  log-linear  relationship  between  accuracy 
and  processing  time  in  the  region  of  overload,  given  that  accuracy  is 
measured  using  the  so-called  odds  ratio  OR: 


right 


wrong 


(5.22) 


Figure  5.7  plots  the  OR  versus  processing  time  allowed  (t^)  on  log- 


Fignre  5.7  Speed/Accnracy  Characteristic  of  Second  Member 

linear  coordinates  for  operation  of  the  second  member  under  overload 
conditions.  Because  different  values  of  q,  change  the  processing  time 
requirements,  the  degree  by  which  a  given  value  of  overloads  the  member 
changes  with  q, .  Thus  a  family  of  speed/accnracy  curves  is  shown,  which 
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ioclQde  diti  for  sii  q,  values.  Since  exclusive  nse  of  the  vertical 
threshold  requires  the  least  aaiount  of  tiae,  accuracy  generally  reaains 
highest  when  overload  occurs  at  this  operating  condition.  As  q, 
increases,  accuracy  decreases  until  required  processing  tiae  reaches  its 
peak  (coapare  Figures  5.6  and  5.7).  Accuracy  then  iaproves  as  q,  aoves 
further  toward  1.0,  and  as  switching  overhead  diainishes.  For  further 
details  on  how  the  data  shown  in  the  figure  were  obtained,  see  Appendix  B. 


The  description  of  behavior  represented  by  Figure  5.7  will  be  the 
basis  for  the  second  aeaber's  inforaation  processing  aodel.  Basically, 
each  q,  locus  can  be  linearized  and  paraaeterized  by  a  slope  and 
intercept.  Behavior  for  interaediate  values  of  q,  can  then  be  obtained  by 
interpolation.  Expressing  this  set  of  relationships  in  teras  of  a 
inpnt/output  aapping  can  be  done  as  follows.  To  begin,  the  overall 
input/outpnt  behavior  of  the  aeaber  is  essentially  that  of  threshold 
coaparison  tests  in  which  errors  are  aade: 


k2:  if  u  «  j  and 
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j  -  0,1  (5.23) 


In  words,  the  aeaber  perforas  the  required  coaparison  test  correctly  with 
probability  l~q,  and  aakes  an  error  with  probability  q^.  Note  that  these 
errors  are  local  input/output  errors,  and  aay  or  aay  not  correspond  to 
organization  detection  errors. 


The  error  rate  of  the  second  aeaber  depends  on  the  degree  to  which  he 
is  overloaded.  Let 


f  *  log (OR) 


(5.24) 
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expresses  enelytically  the  transformation  between  accnracy,  as  measured  by 
the  odds  ratio,  and  the  inpnt/ontpnt  error  rate.  Furthermore, 
linearization  of  the  observed  relationship  between  f,  q, ,  and  t^  can  be 
written  in  the  form  of 

f  =  f(tjj,q,)  =  fgCSo^'f^d  “  (5.26) 

The  quantity  f^  represents  the  slope  of  the  speed/accnracy  curve  for  a 
given  q,  and  the  quantity  t^  is  related  to  the  intercept  of  the  linearized 
relationship.  The  latter  can  be  interpreted  as  the  processing  time  at 
which  chance  behavior  by  the  organization  member  occurs,  althongb  this  is 
not  its  primary  function  in  the  model.  Both  f^  and  t^  are  estimated  from 
data  observed  from  the  second  task  situation,  and  the  expression  in 
eq.(5.26)  it  considered  to  be  valid  only  for  a  specified  range  of  t^ 
values,  all  of  which  are  such  that  the  member  it  overloaded. 

Taken  together,  eq. (5.23)-(5.26)  are  the  information  processing  model 
of  the  second  member.  The  model  depends  fundamentally  on  four  parameters: 
two  thresholds  (t,j),  the  deadline  assigned  (t^j),  and  the  amount  of 
threshold  switching  (q,).  The  deadline  to  be  assigned  has  already  been 
determined  by  the  time  allocation,  as  discussed  previously.  Assuming  that 
the  member  will  desire  (or  can  be  trained)  to  operate  to  minimize 
input/output  errors  and  assuming  operation  in  an  overload  state,  then  the 
allowed  processing  time  will  be  used  to  its  fullest  extent.  This  means 
that  t^  *■  t,  in  the  model.  Note  that  t,  is  determined  externally  to  the 
member  and  Is  subject  to  variation  as  the  organization's  environment 
changes . 

In  terms  of  the  general  methodology  framework,  the  parameters  listed 
above  are  classified  as 
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Dnlike  the  first  aember.  the  thresholds  used  by  the  second  aember  do  not 
affect  processing  tine  reqnireaents.  This  is  a  aodeling  assumption  made 
on  the  premise  that  the  thresholds  mill  not  take  on  extreme  values  snch 
that  they  are  very  near  a  border  of  the  display.  That  is>  so  long  as 
there  it  some  uncertainty  in  where  the  observation  will  fall  with  respect 
to  the  threshold,  it  is  assumed  that  the  time  required  to  locate  the  dot 
and  judge  its  position  with  respect  to  a  threshold  tends  to  remain 
constant. 

Finally,  there  are  no  information  processing  parameters  in  the  model, 
which  reflects  the  fact  that  the  second  member  has  not  been  given  any 
options  in  completing  his  task.  However,  from  the  viewpoint  of  the  second 
member  there  i£  a  choice  made  for  each  observation.  It  is  the  selection 
I  of  which  threshold  to  use,  but  it  is  made  by  the  first  member.  This  is 

reflected  in  the  dependence  on  n,. 


5.4  Satisfactory  Nominal  Design 
5.4.1  Integration  of  Design  Elements 

The  elements  of  the  organisation  design,  which  include  the  analytic 
organisation  structure  and  the  implementations  of  decision  rules,  have 
been  established.  The  third  phase  of  design  can  now  begin,  which  is  to 
integrate  these  elements  to  obtain  a  nominal  design,  and  then  to  evaluate 
the  design  with  respect  to  requirements.  For  the  situation  at  hand,  there 
are  four  individual  task  situation  and  information  processing  parameters 
that  must  be  placed  to  determine  a  nominal  design.  The  specific  problem 
to  be  solved  is  given  as 


Problem  CNO 


minimize 

where 

k  =  (kj.kj)  (5.31) 

and  k^  are  given  by  eq.(5.14)  and  eq.(5.23). 

Became  of  the  differences  in  decision  rnle  implementations,  only  the 
first  member's  workload  limit  appears  as  a  constraint  in  the  problem 
formulation.  The  second  member  has  been  placed  deliberately  in  an 
operating  region  of  overload  and  thns  a  constraint  that  maintains  workload 
within  limits  is  not  appropriate.  The  extent  by  which  processing  load 
exceeds  limitations  is  a  factor,  however,  and  appears  directly  in  the 
mesiber's  inpnt/ontpnt  behavior  model. 

Consider  now  the  solution  to  Problem  CNO  for  the  case  where  «  260 
ms  and  x^  >  S20  ms.  and  where  the  organization  members  are  those  whose 
operating  characteristics  are  shown  in  Figures  5.4  and  5.7.  The  values 
assumed  for  x^  and  x^  imply  that 

Xj  *  260  ms  (5.32) 

X j  »  260  ms  (5.33) 

These  values  are  ahown  in  Figure  5.8  superimposed  on  the  respective  models 
of  organization  members.  Note  that  for  the  second  member,  the  linearized 
model  developed  to  represent  observed  behavior  is  shown  in  Figure  5.8. 

In  the  upper  part  of  the  figure,  the  vertical  distance  between  the  x,^ 
>  260  ms  constraint  and  SCK  processing  time  it  proportional  to  the 
fraction  of  fast  guessing  required.  For  example,  if  ti  *  t*  ,  then 


Jjj(k.u^)  =  pr(detection  error) 

..t.  <  1 
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Fi|i>re  5.8  Illustratioo  of  Solution  to  Prob  em  CNO 

~  0.27.  If  t^  is  St  its  lover  extreae,  however,  no  fast  guessing  is 
necessary.  For  a  given  bias  In  fast  guessing,  placeaent  of  t^  not  only 
establishes  q^,  but  it  also  deteraines  the  distribution  on  n,  and 
consequently  the  frequency  of  threshold  switching  by  the  second  aeaber. 
Assnaing  that  a  50/50  bias  is  used  when  fast  guessing,  i.e.  g^  ■  0.5,  the 
correspondence  between  t^  and  q,  is  ahovu  in  the  aiddle  of  Figure  5.8.  As 
t^  nears  its  ainiaua  and  aaziaua  values,  the  aaount  of  switching 
decreases.  In  the  foraer  case,  the  vertically  displayed  threshold  (t^^) 
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is  nsed  sore  frequently;  in  the  letter  ccse  it  is  the  horizontilly 
displayed  threshold  (t^,)  that  gets  more  nse.  Thns  the  value  of  t^ 
selected,  through  its  effect  on  q, ,  determines  which  speed/accuracy  locus 
the  second  aeaiher  will  operate  on.  The  value  of  then  determines  which 
point  on  this  locus  it  the  actual  operating  point.  Finally,  though  not 
shown  explicitly  in  Figure  S.8,  the  thresholds  t,j  are  a  factor  in  the 
solution  of  Problem  CNO  since  they  have  an  effect  on  organization 
performance . 

In  solving  Problem  CNO  for  the  present  design  situation,  a  basic 
tradeoff  must  be  made  in  the  optimization.  At  one  extreme  is  the  option 
to  retain  the  first  member's  ideal  threshold  t*,  which  gives  *high 
quality*  indications,  but  cannot  be  nsed  all  the  time.  If  this  option  is 
chosen,  the  second  member  uses  his  thresholds  with  nearly  equal  frequency, 
which  in  turn  placet  his  operation  at  a  lower  level  of  input/ontpnt 
accuracy.  At  the  other  extreme  is  the  option  to  place  t^  at  its  minimum 
value  so  that  no  fast  guessing  is  required,  but  alto  so  that  all 
indications  u  made  by  the  first  member  are  of  lower  quality.  This  option 
places  the  second  member  at  a  higher  accuracy  level,  however.  Of  course, 
there  exist  many  other  solution  possibilities  that  represent  a  compromise 
between  the  two  extremes. 

The  solution  to  Problem  CNO  for  the  particular  organization  in  Figure 
5.8  placet  t^  at  its  minimum  value.  Thus  no  fast  guessing  is  required  in 
the  nominal  organization  design.  In  addition,  the  second  member's 
thresholds  are  adjusted  away  from  f * j •  Details  of  the  solution  for  this 
particular  organization  are  given  in  Appendix  B.  The  solution  is  such 
that  the  accuracy  of  the  second  member  it  maximized.  Evidently,  since 
this  member  bat  the  *last  word'  on  the  organization’s  detection  decision, 
it  is  desirable  that  it  should  be  made  in  consonance  with  the  observation 
presented,  rather  than  directly  opposed  to  it.  Furthermore,  it  it  worth 
compromising  the  quality  of  the  first  member's  indication  to  do  this. 
Partial  compensation  for  this  lost  it  made  by  adjusting  t^j,  however. 
Finally,  though  the  solution  to  Problem  CNO  for  the  set  of  parameter 
values  illustrated  above  represents  the  selection  of  an  extreme  option. 


this  need  not  always  be  the  case.  Appendix  A  contains  a  general 
discussion  of  solution  characteristics. 

5.4.2  Evaluation  of  Nominal  Design 

Two  criteria  were  established  in  Ph.-se  I  for  the  organization  design. 
The  first  was  that  the  detection  error  rate  of  the  organization  be  less 
that  15%.  i.e.  ^  ^o  ^  0.15.  The  detection  error  rate  for  the  nominal 
organization  obtained  above  has  »  0.12.  Thus  it  meets  the  performance 
design  goal,  at  least  nominally. 

A  second  criterion  for  the  design  is  that  it  must  be  tolerant  to 
variations  in  the  rate  of  observation  and  the  maximum  delay  in 

detection  response  (t^) .  As  a  preliminary  indication  whether  this 

criterion  in  met.  assume  that  the  thresholds  are  fixed  at  their  nominal 
values,  and  consider  if  the  organization  would  continue  to  operate  at  all 
should  Tq  and  vary  from  their  nominal  values.  If  were  to  decrease, 
there  would  be  an  immediate  impact  on  the  first  member,  since  x,^  would 
decrease.  Nominally,  there  is  no  fast  guessing  required  by  the  first 

member.  However,  decreases  in  x^  would  mean  that  t^^(t^)  >  x^,  but  since 
the  member  has  the  option  to  fast  guess,  he  can  compensate  by  exercising 
that  option  so  that  T^^  remains  less  than  or  equal  to  x^.  Thus,  assuming 
that  the  transition  to  a  new  operating  point  is  smooth,  the  organization 
remains  tolerant  to  a  decrease  in  x^. 

Changes  in  the  maximum  delay  in  detection  decision  (t^)  are  presumed 
to  primarily  affect  the  second  member.  One  possible  scenario  that 

motivates  this  viewpoint  is  the  situation  where  the  organization  forwards 
its  detection  decision  to  an  outside  destination.  A  request  by  this 
destination  for  a  faster  response  hat  an  immediate  impact  on  the  second 
member.  To  meet  the  request,  the  second  member  can  establish  a  fatter 
deadline  for  his  response.  As  with  the  first  member's  adaptation  to 

changes  in  x^,  the  ability  of  the  second  member  to  make  a  smooth 
transition  to  a  new  operating  point  is  not  addressed  in  the  current 


ioforsation  procesiing  description.  However,  it  is  true  that  operating 
points  corresponding  to  lower  valnes  of  are  possible.  Assuming  that  a 
smooth  transition  can  take  place,  a  decrease  in  x,  will  simply  move  the 
second  member  to  a  lower  point  on  the  q,  speed/accnracy  locus  that  he  is 
operating  on. 

The  discussion  above  indicates  that  the  nominal  design  is  tolerant  to 
changes  in  x^  and  x^,  at  least  in  the  sense  that  the  organization  will 
keep  operating  should  such  changes  occur.  Whether  the  detection  error 
rate  remains  within  design  goals  is  not  clear,  however.  A  worst  case  test 
of  the  design  is  where  x^  and  x,  are  reduced  simultaneously.  Suppose  that 
x^  and  x^  change  so  that  x^  and  x,  are  reduced  by  5%.  Leaving  the 
thresholds  fixed  at  their  nominal  valnes  and  assuming  that  each  member  can 
make  his  respective  adaptation  to  a  new  operating  point,  the  detection 
error  rate  for  the  organization  at  the  new  operating  point  is  0.14. 
Since  it  is  within  the  limit  the  nominal  organization  design  can  be 
declared  satisfactory  with  respect  to  design  goals. 

Though  the  nominal  design  that  has  been  developed  is  satisfactory, 
the  fact  that  the  first  member’s  operation  is  at  an  extreme  point  of  the 
region  for  which  a  valid  information  processing  model  has  been  developed 
could  merit  further  consideration  in  evaluating  the  design.  Based  on  the 
nominal  design  outcome,  the  designer  might  conclude  that  a  good  match  has 
not  been  realized  between  the  member's  job  description  and  the  task 
situation  developed  to  do  the  job.  In  the  present  case,  the  designer 
might  want  to  reconsider  whether  the  first  member’s  task  situation  can  be 
revised  so  that  using  a  higher  quality  threshold  becomes  part  of  the 
nominal  design.  This  could  be  done,  for  example,  by  attempting  to  reduce 
the  processing  time  required  for  the  first  member’s  threshold  comparison 
test,  say  through  modifying  the  observation  display.  The  possibility  of 
revising  the  organization  design  to  achieve  better  balance  between 
organization  members  will  not  be  pursued  further  here,  however.  The 
purpose  in  raising  the  issue  is  to  point  out  that  even  though  a  nominal 
design  might  satisfy  design  goals,  it  may  still  be  declared  marginal  and 
in  need  of  improvement. 
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5.S  Test  of  OrganizstioD  Design 

Once  a  aatisfactory  nominal  organization  design  has  been  obtained, 
the  design  process  terminates  as  far  as  the  methodology  described  in  this 
thesis  is  concerned.  At  this  point,  the  organization  strnctnre  is 
presumably  ready  for  advanced  stages  of  development,  such  as  prototype 
bnilding.  Snch  a  presumption  is,  of  course,  based  on  the  validity  of  the 
methodology.  That  is,  ezecntion  of  each  methodology  phase,  particularly 
the  integration  of  design  elements,  is  assnmed  to  represent  a  viable  and 
legitimate  step  in  the  design  process  so  that  the  resulting  nominal  design 
it  representative  of  what  will  be  observed  if  the  organization  is  actually 
built.  That  the  methodology  is  viable  in  this  respect  remains  to  be 
established,  however,  since  no  organization  structure  has  been  previously 
built  and  pot  into  operation  using  this  approach  explicitly.  This  section 
pursues  such  an  end.  The  nominal  organization  obtained  for  the  detection 
task  is  operated  as  designed,  and  its  behavior  is  observed  and  compared 
with  that  predicted  by  the  methodology.  In  addition,  the  organization  is 
also  operated  under  several  other  conditions  as  a  further  test  of  the 
validity  of  the  design  approach. 

Nominal  Organization  Operation 

There  are  several  characteristics  of  the  nominal  design  obtained  for 
the  detection  task  that  suggest  hypotheses  about  organization  operation. 
First,  if  t^  is  set  to  its  minimum  value  as  per  tbe  design,  there  should 
be  little  fast  guessing  observed  as  the  first  member  executes  his  task. 
Second,  the  design  predicts  a  certain  level  of  input/output  accuracy  for 
the  second  member.  Both  of  these  predictions  represent  operation  of 
organization  members  in  regions  that  were  examined  in  the  development  of 
their  respective  information  processing  models.  Thus  the  hypotheses  are 
fundamentally  tests  of  individual  model  validity,  and  therefore  serve  as  a 
useful  check  on  the  work  completed  in  Phase  II  of  the  design  process. 
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A  Bore  iateretting  hypothesis  about  organization  operation  is  the 
level  of  performance  that  will  he  realized.  Organization  detection  error 
is  a  quantity  that  characterizes  the  organization  as  a  whole;  it  cannot 
be  inferred  or  assessed  by  individual  aenbers.  Since  detection  error  vat 
the  criterion  need  in  Phase  III  to  discriminate  between  possible  nominal 
design  solutions,  predicted  organization  performance  is  truly  a  prediction 
made  using  the  methodology.  The  extent  to  which  actual  performance  of  the 
organization  matches  that  which  is  predicted  represents  a  key  test  for 
the  applicability  of  the  design  approach.  In  subsequent  discussion, 
operation  of  the  organization  at  its  nominal  design  point  will  be 
designated  as  Test  Condition  1. 


Alternative  Nodes  of  Oraanizatioh  Operation 


Besides  selecting  a  particular  nominal  operating  point  and  thereby 
predicting  behavior  of  the  organization,  the  integration  phase  of  the 
methodology  must  also  in  effect  predict  behavior  at  many  other  potential 
design  solutions  in  order  to  discriminate  among  them.  One  of  the 

potential  solutions  of  particular  interest  is  the  one  that  leaves  the 
thresholds  of  both  members  unchanged  from  their  respective  decision  rule 
values  as  determined  in  Phase  I.  In  the  present  design  situation  (see 

Figure  S.8).  this  would  result  in  a  fast  guessing  level  of  q^  s  0.30. 

Furthermore,  q,  would  be  near  0.50  and  the  input/ontput  accuracy  of  the 
second  member  would  be  lower  than  that  of  the  nominal  design.  The 

detection  error  rate  at  this  operating  point  is  also  predicted  to  be 
higher:  •  0.17.  That  is.  with  t^  ■  t*.  t,j  *  tjj,  and  q^  »  0.30,  the 

organization  detection  error  rate  will  be  approximately  35%  higher  than  at 
the  nominal  design  point.  This  is  a  testable  hypothesis  regarding  the 
organization's  operation  and  is  designated  as  Test  Condition  3.  Note  that 
it  predicts  qualitatively  different  behavior  than  at  the  nominal  design 
operating  point. 

Thus  far  it  has  been  assumed  that  the  first  member  fast  guesses  with 
a  50/50  bias  (g^  >  0.5).  If  this  bias  is  other  than  50/50,  a  slightly 
different  set  of  predictions  about  organization  behavior  is  obtained.  In 
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particultr.  suppose  that  the  first  atember  indicates  the  nost  likely  value 
of  H  when  fast  guessing.  This  means  that  g^  >  0.  i.e.  the  member  says  n  > 
1  when  gnessing.  With  t^  ^  t*.  the  fraction  of  fast  guessing  is  about 
0.30,  which  is  the  same  as  for  Test  Condition  3.  The  corresponding  value 
of  q,  is  not  the  same,  however.  Because  of  the  fast  guessing  bias  and  the 
significant  amount  of  FG  responses,  it  it  much  more  likely  that  the  first 
member  will  respond  with  o  =  1.  In  fact,  q,  decreases  to  about  0.20. 
This  in  turn  operates  the  second  member  on  an  accuracy  level  that  it 
somewhere  between  that  of  the  Test  Conditions  1  and  3.  Organization 
detection  error  for  this  intermediate  test  condition,  designated  as  Test 
Condition  2.  is  alto  predicted  to  be  between  that  of  the  other  two  cond¬ 
itions.  For  g^  ^  0.0,  and  with  thresholds  set  at  their  ideal  values, 
predicted  detection  error  it  =  0.15. 


The  foregoing  hat  established  three  different  test  conditions  for  the 
organization,  each  of  which  predicts  a  slightly  different  operating 
behavior.  They  are  summarized  in  Table  5.1.  Additional  discussion 


Table  5.1  Predicted  Organization  Behavior 


it 

Test  Condition 

Thresholds 

FG  bias  (g^) 

'll 

<lo 

42 

Jo 

1 

Nominal  Design 

0.5 

0 

0.06 

0.048 

.12 

2 

Normat ive 

0.27 

0.31 

0.083 

.15 

3 

Normative 

0.5 

0.27 

0.44 

0.098 

.17 

regarding  how  these  values  were  obtained  is  found  in  Appendix  B,  and 
discussion  of  a  more  general  nature  regarding  the  effect  of  bias  on 
organization  operation  is  contained  in  Appendix  A.  With  respect  to  the 
latter  consideration,  it  happens  that  the  nominal  design  solution  for  the 
present  situation  remains  the  same  no  matter  what  the  guessing  bias.  Thus 
Test  Condition  1  in  Table  5.1  represents  the  lowest  detection  error 
achievable  using  the  present  organization  design  elements. 


Test  Resolts 


To  test  the  predictioos  Bsde  sbout  orgsnizstion  behsvior,  the 
or(snizstion  wss  opersted  st  the  conditions  |iven  in  Tsble  5.1.  A  key 
feature  of  the  ezperiaentsl  setnp  wss  the  iaipleaentstion  of  alternative 
fast  guessing  biases.  To  accomplish  this,  when  the  first  member  elected 
to  fast  gness  he  was  instructed  to  depress  both  mechanical  buttons.  In 
this  way,  it  was  obvious  to  the  experimenter  when  the  fast  guess  option 
was  selected  and  an  unambiguous  estimate  of  could  be  made. 

Furthermore,  each  double-button  push  could  be  assigned  a  value  of  u 
according  to  the  bias  desired,  and  then  be  forwarded  to  the  second  member. 
Further  details  regarding  the  experimental  set-up  used  to  test  the 

organization  are  given  in  Appendix  B. 

Organization  behavior  observed  at  the  three  conditions  tested  is 

summarized  in  Table  5.2.  Comparison  between  Table  5.1  and  Table  5.2 


Table  5.2  Observed  Organization  Behavior 


# 

Test  Condition 

Thresholds 

FG  bias  (g^) 

•Is 

«ls 

1 

Norn ins  1  Design 

0.5 

.13 

2 

Normat ive 

0.0 

0.35 

0.27 

.14 

3 

Normative 

0.5 

0.35 

0.44 

.16 

indicates  substantial  agreement  between  predictions  and  observations.  In 
particular,  there  was  no  fast  guessing  required  at  the  nominal  design 
operating  point,  but  a  significant  amount  was  required  when  t^  was  left  at 
t*.  The  predicted  relative  differences  in  q,  values  have  been  realized 
and  the  input/output  error  rate  of  the  second  member  was  observed  to  vary 
accordingly.  Thus  the  information  processing  models  of  each  member  appear 
to  be  reliable  as  design  elements. 

The  integration  of  design  elements  has  also  given  reasonably  reliable 
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predictions  of  orsanizstion  behavior.  The  absolnte  detection  error  rates 
observed  for  the  test  conditions  are  close  to  those  predicted.  More 
iaiportantlj,  however,  is  that  the  relative  ordering  on  these  results  is  in 
agreeaient  with  that  predicted.  The  noaiinal  design  has  pielded  the  lowest 
detection  error  and  the  effect  of  fast  guessing  bias  has  distinguished 
between  Conditions  2  and  3  as  predicted.  Given  the  results  obtained,  it 
appears  that  the  aodels  developed,  and  their  integration  using  the 
■ethodology,  have  captured  reasonably  well  the  first  order  effects  within 
the  organization  and  thns  provide  a  sound  basis  for  organization  design. 

The  agreement  between  Tables  5.1  and  5.2  does  not  represent  an 
isolated  set  of  coincidences.  Appendix  B  documents  the  development  and 
testing  of  five  other  organizations  that  have  the  tame  basic  design  form, 
bnt  have  different  individnalt  as  members.  Operation  of  these 
organizations  at  the  same  test  conditions  produces  results  similar  to 
those  reported  in  this  chapter.  These  results  add  further  evidence  in 
support  of  the  methodology  at  a  viable  approach  to  organization  design. 

Two  specific  conclusions  are  evident  from  the  test  resnlts.  One  it 
that  failnre  to  take  hnmsn  limitations  into  account  can  result  in 
performance  that  is  considerably  different  from  that  which  assumes  ideal 
human  behavior.  Recall  that  the  organization  detection  error  rate  for  the 
analytic  organization  structure  is  0.06.  This  is  substantially  less  than 
that  predicted  and  obtained  in  either  Condition  2  or  3 .  A  second 
conclusion  is  directly  related  to  the  first:  there  may  be  considerable 
advantage  to  adjusting  organization  parameters  when  organization  members 
are  affected  by  workload  limitations.  This  is  evident  by  comparing  the 
results  for  Condition  1  with  those  for  Conditions  2  and  3. 

5.6  Chapter  Summary 

In  order  to  demonstrate  in  a  concrete  way  the  approach  to 
organization  design  advanced  in  the  thesis,  this  chapter  hat  ezecutid  the 
design  methodology  from  beginning  to  end.  The  result  hat  been  the 
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developnent  of  ■  tvo-nember  orgacization  that  makes  a  minimum  error 
!  detection  decision  as  to  the  presence  or  absence  of  a  target.  Each  member 

has  been  provided  with  a  particular  task  to  accomplish/  which  has  been 
specified  not  only  with  regard  to  overall  organization  performance,  but 
also  with  due  consideration  for  the  workload  limitations  that  characterize 
I  each  member. 

Once  a  satisfactory  nominal  design  was  obtained,  several  test 
conditions  were  selected  based  on  the  behavior  predicted  for  the 
I  organization.  The  organization  was  then  operated  under  these  conditions 

in  a  laboratory  setting,  and  substantial  agreement  between  predicted  and 
actual  behavior  was  observed.  As  such,  these  results  constitute  an 
existence  proof:  there  is  at  least  one  realistic  human  team  decision- 
I  making  problem  that  can  be  solved  using  the  blend  of  analytic  human 

modeling  and  empirical  human  factors  data  that  forms  the  basis  of  the 
methodology  described  herein. 

I 
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VI.  SUMMARY  AND  SUGGESTIONS  FOR  FUTURE  WORE 


6.1  Sonmary 

This  thesis  has  considered  the  problem  of  analysis  and  design  of 
human  information  processing  organizations.  The  main  focus  has  been  on 
how  and  at  what  point  in  the  analysis  to  include  consideration  of  human 
characteristics  and  limitations.  An  approach  has  been  suggested  for 
structuring  the  problem  so  that  a  balance  is  struck  between  the 
complexities  of  considering  how  human  behavior  impacts  all  aspects  of  the 
organization,  and  the  hazards  of  neglecting  consideration  of  human 
limitations  in  order  to  simplify  the  problem.  Specifically,  an  approach 
has  been  suggested  that  incorporates  both  top-down  and  bottom-up  phases, 
but  which  alto  includes  an  integration  phase  that  guarantees  that  the 
first  two  phases  converge. 

The  top-down  phase  is  concerned  with  analytically  structuring  the 
organization's  task.  Organization  topology,  input  and  output  message  sett 
for  individual  members,  and  relevant  features  of  the  organization's 
environment  are  considered  and  modeled  in  this  phase.  In  addition, 
performance  goals  for  the  organization  task  are  formulated  as  an 
optimization  objective  function.  Then,  the  functional  relationship 
between  inputs  and  outputs  for  each  organization  member  is  treated  at  a 
variable  and  organization  performance  is  optimized  over  the  possible 
inpnt/ontpnt  mappings.  The  result  is  a  set  of  decision  rules  that 
represent  ideal  information  processing  behavior  by  organization  members, 
but  which  have  not  necessarily  taken  into  account  human  processing 
limitations. 

The  bottom-up  phase  uses  the  decision  rules  of  members  to  structure 
their  respective  tasks  in  specific  physical  and  mental  terms.  That  is,  a 
task  situation  is  devised  as  the  collection  and  arrangement  of  equipment 
for  accomplishing  the  information  processing  represented  by  the  decision 
rnle.  In  addition,  an  information  processing  model  is  developed  that 
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describes  actual  hofflan  behavior  at  the  task,  which  includes  a 
characteriaation  of  input/ontpnt  behavior  and  induced  workload.  Both  of 
these  descriptions  are  developed  in  terms  of  task  situation  and 
information  processing  parameters,  which  usually  occurs  through  empirical 
means . 

Finally,  a  third  design  phase  integrates  the  top-down  and  bottom-up 
phases.  A  second  optimization  problem  is  solved  to  do  this.  The 
input/output  descriptions  of  actual  behavior  are  substituted  for  the 
decision  rules,  and  workload  descriptions  are  added  as  constraints. 
Organization  performance  is  then  re-optimized  over  task  situation  and 
information  processing  parameters.  The  result  is  a  nominal  design  that 
specifies  how  task  situation  parameters  shonld  be  set  in  order  to  fix 
organization  structure,  and  also  how  individual  members  should  exercise 
their  processing  options. 

The  key  advantage  of  the  design  approach  is  that  the  separation  into 
normative  and  descriptive  phases  simplifies  the  problem  without  greatly 
limiting  design  options.  Indeed,  by  deriving  job  descriptions  for 
individual  members  at  an  intermediate  design  stage,  the  designer  is 
provided  with  a  focus  for  completing  subsequent  design  steps.  A  second 
advantage  is  that  tradeoffs  between  member  workload  and  organization 
performance  are  made  apparent  in  the  third  design  phase.  At  this  point  in 
the  design  the  organization  structure  is  complete,  and  potential  tradeoffs 
are  viewed  and  evaluated  in  terms  of  parameters  that  relate  to  individual 
members . 

The  three-phase  approach  has  been  stated  as  a  set  of  steps  that  form 
a  methodology  for  design,  and  the  thesis  has  argued  for  the  approach  in 
terms  of  this  methodology.  The  argument  has  proceeded  on  several  levels. 
First,  the  considerations  that  are  intended  for  each  design  step  have  been 
discussed  on  a  conceptual  level.  Second,  on  a  more  concrete  level,  the 
methodology  has  been  discnssed  in  terms  of  specific  classes  of  analytic 
organization  structures  and  information  processing  model  structures. 
Third,  an  example  example  drawn  from  these  classes  has  been  constructed 


conceptnally  using  the  methodology. 

Besides  making  a  case  for  the  design  approach  through  discussion  and 
argument,  an  existence  proof  has  been  offered  for  the  applicability  of  the 
methodology.  A  complete  organisation  has  been  designed  and  tested  by 
executing  each  of  the  methodology  steps  in  turn.  The  test  results  have 
indicated  that  the  organization  operates  as  predicted.  This  is 
particularly  supportive  of  the  integrative  aspects  of  the  methodology. 
That  is.  the  normative  and  descriptive  design  phases  in  many  respects 
represent  familiar  problems  for  systems  analysts  and  those  who  model  human 
behavior,  respectively.  The  most  novel  feature  of  the  methodology  is  the 
integration  of  the  two.  The  extent  to  which  the  integration  represents  a 
successful  design  step  provides  support  for  the  overall  design  approach. 
The  results  of  the  organization  design  completed  in  this  thesis  offer  such 
support.  In  addition  to  successfully  predicting  characteristics  of 
organization  operation,  it  has  been  demonstrated  in  terms  of  this  specific 
design  that  neglecting  human  limitations  in  the  design  process  can  produce 
behavior  that  is  significantly  different  than  'ideal*.  Furthermore,  it 
has  been  shown  that  by  adjusting  parameters  within  a  given  design 
structure  there  can  result  a  significant  improvement  in  organization 
operation. 

6.2  Suggest  ions  for  Future  Work 

Given  that  the  thesis  is  essentially  an  argument  for  a  particular 
approach  to  humau  information  processing  organization  design,  one  obvious 
direction  of  future  work  is  to  further  test  the  range  of  application  of 
this  approach.  One  organization  exists  that  attests  to  the  methodology's 
ntillty.  It  would  be  of  interest  to  apply  the  approach  to  other  design 
situations,  and  thereby  gain  further  experience  in  its  nse  as  a  design 
tool . 

A  second  direction  for  further  work  is  one  that  presumes  the 
methodology  to  be  a  reasonable  approach  and  takes  as  point  of  departure 


the  'job  description*  festore  of  the  aethodologj.  Recall  that  the  job 
description  in  the  forai  of  a  decision  rnle  is  the  key  link  between  the 
noraative  and  descriptive  design  phases.  With  respect  to  the  descriptive 
phase,  it  wonld  be  of  great  benefit  if  decision  rules  were  a  reasonable 
aatch  with  hnaan  capabilities,  and  could  therefore  be  readily  translated 
into  task  sitnations  and  inforaation  processing  models.  Such  an  outcome 
wonld  be  facilitated  by  foranlating  the  analytic  organization  structure 
with  a  view  toward  eventual  hnaan  ezecntion  of  information  processing 
tasks.  Incorporating  such  a  view  in  the  analysis  of  large-scale  and 
distributed  decisionmaking  probleas  may  lead  to  alternate  formulations  of 
these  problems. 

A  counterpart  to  the  above  suggestion  exists.  As  discussed  earlier 
in  Chapter  3,  the  job  description  provides  a  focus  for  the  designer  in 
specifying  a  task  situation.  The  designer  essentially  attempts  to  match  a 
given  decision  rule  to  an  information  procrssing  model  for  a  task 
situation.  Much  work  has  been  done  previously  on  modeling  human  behavior 
in  various  situations.  To  take  advantage  of  this  work  in  the  present 

context,  a  classification  of  the  models  developed  according  to 

input/output  behavior  would  be  of  benefit  to  the  organization  designer  as 
he  seeks  to  aatch  decision  rules  with  task  situations.  The  suggestion 
here  is  that  a  catalog  might  be  developed,  over  whose  entries  the  designer 
can  search  to  find  one  that  suits  his  particular  needs. 

Two  final  auggestions  pertain  primarily  to  the  analytic  aspects  of 
the  design  process.  The  first  is  related  to  the  translation  of  a 
statement  of  design  objectives  for  a  given  organization  task  into  an 
organization  atructnre.  Issnes  such  as  how  to  decide  the  number  of 

organization  members  and  bow  to  set  their  topological  interconnection  are 
included  in  this  consideration.  Additional  Investigation  is  needed  to 

clarify  these  isaues  and  to  advance  approaches  for  addressing  then.  A 
second  suggestion  relates  to  the  solution  of  the  first  optimization 
problem  within  the  design  methodology.  Problem  DR.  As  noted  in  Giapter  2, 
there  are  at  present  only  a  few  classes  of  analytic  organization 
strnctnres  for  which  solutions  and  solution  techniques  for  decision  rules 


•re  known.  In  the  present  context,  additional  work  is  needed  to  enlarge 
this  nomber,  since  by  doing  so  the  range  of  application  of  the  design 
approach  will  also  be  enlarged. 
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APPENDII  A 


Distributed  Dec  is ionmakiog  with  Constraioed  Decision  Mahers 

A  Case  Study 

I 

A.l  Introduction 

A  lain  goal  in  iiost  distributed  decisionmaking  formulations, 
particularly  team  theoretic  ones,  is  to  obtain  normative  decision  rules 
that  represent  the  desired  behavior  of  each  decision  agent  or  team  member 
[4],  This  appendix  considers  a  modified  team  theoretic  problem  that 
incorporates  decision  rules  that  are  descriptive  of  actual  human  behavior, 

I  and  furthermore  takes  into  account  the  processing  load  incurred  to  execute 

these  decision  rules.  fhen  models  for  actual  human  behavior  are  sub¬ 
stituted  for  the  normstive  decision  rules  in  the  team  structure,  team 
behavior  in  general  changes.  Furthermore,  the  workload  of  team  members 
j  may  be  such  that  desired  team  operation  exceeds  human  processing  limita¬ 

tions.  Thus,  given  the  basic  team  structure,  a  problem  can  be  formulated 
to  choose  decision  rules,  to  be  realized  by  actual  human  behavior  for  best 
team  performance,  subject  to  their  feasibility  with  respect  to  team  member 
processing  load. 

The  problem  considered  is  motivated  by  the  specific  organization 
design  developed  in  Chapter  5.  The  same  analytic  organization  structure 
is  common  to  both,  but  the  models  of  human  behavior  considered  here 
represents  generalized  and  idealized  versions  of  those  used  in  Chapter  5. 
Thus  while  the  analytic  results  obtained  are  of  interest  in  the  context  of 
a  modified  team  problem,  they  are  also  useful  in  supporting  the  design 
effort  in  Chapter  S.  In  particular,  knowing  the  general  characteristics 
of  the  solution  to  the  problem  investigated  in  this  appendix  enables  the 
designer  in  Chapter  5  to  formulate  predictions  about  organization 
performance  and  individual  member  behavior  in  various  operating  regions. 

The  specific  team  structure  considered  is  that  of  a  two-member. 
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tandem  distriboted  detection  network.  The  next  section  describes  this 
structure  and  reviews  the  characteristics  of  theoretical  team  member 
behavior.  A  key  feature  of  the  decision  rules  is  the  presence  of  thresh¬ 
olds,  which  each  member  uses  to  make  comparison  tests.  A  model  for  the 
information  processing  required  to  execute  such  a  test  is  then  described, 
with  processing  time  used  as  the  measure  of  workload. 

The  complete  model  for  each  member's  actual  behavior  includes  a  sec¬ 
ond  element,  however,  which  accounts  for  behavior  when  processing  time  for 
threshold  tests  exceeds  the  time  allowed.  This  element  derives  from  human 
ability  to  trade  accuracy  for  speed.  Two  different  mechanisms  for  doing 
this  are  incorporated,  one  for  each  member.  The  overall  actual  behavior 
and  processing  load  realized  is  parameterized  by  the  thresholds  used  and 
other  parameters  that  derive  from  the  speed/accuracy  tradeoff  capability. 
The  modified  team  theoretic  problem  is  then  to  place  these  parameters  for 
minimum  team  error. 

The  third  section  discusses  the  characteristics  of  the  problem 
solution.  A  particular  consideration  of  interest  is  whether,  and  if  to 
under  what  conditions,  it  remains  desirable  to  retain  the  thresholds 
obtained  in  the  original  (unconstrained)  team  problem.  Section  four  in¬ 
vestigates  a  special  case  of  the  problem,  from  which  principles  of  general 
interest  are  apparent.  Finally,  section  five  summarizes  the  appendix. 

A. 2  Problem  Formulation 

A. 2.1  Team  Structure 

Consider  the  two-member,  tandem,  distributed  detection  network  shown 
in  Figure  A.l.  Each  team  member  receives  a  conditionally  Independent, 
gaussian  observation  on  the  presence  or  absence  of  a  given  phenomenon  H. 
Based  on  his  observation,  the  first  member  selects  one  of  two  symbols  to 
send  to  the  second  member.  The  latter  then  incorporates  his  own  measure¬ 
ment  with  the  received  symbol  to  make  a  detection  decision  for  the 
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Figure  A.l  Teem  Structure 

network.  The  decision  roles  for  etch  team  member  that  minimize  the 

probability  of  error  in  detection  are  known  [7].  They  are  threshold  tests 

as  g iven  in  (A.l ) . 

y*  :  Y*  • 

'1  *1 


ifn  =j  (j=0,l)  and 

I  if  jj  >  tj  .  -  1  j  it  jj  >  t;,  V  -  1 


(  if  yj  <  tj  u  =  0 


it  yj  <  tj.  .  .  0 


(A.l) 


Basically,  the  first  member  biases  the  second  member’s  choice  by  selecting 
the  latter's  threshold. 


A. 2. 2  Information  Processing  Models 


Now  consider  that  the  threshold  comparison  tests  in  (A.l)  are  to  be 
accomplished  by  humans.  For  example,  the  observation  could  be  displayed 
visually  as  a  horizontally  displaced  dot,  with  the  threshold  also  dis¬ 
played  as  a  vertical  line  displaced  according  to  its  value  (see  Chapter  5 
and  Appendix  B) .  Viewing  such  a  display  and  selecting  a  response  takes 
time.  Furthermore,  threshold  position  with  respect  to  the  likely  position 
of  observations  will  have  an  effect  on  the  time  required  to  select  a 
response.  In  particular,  assume  that  a  comparison  with  threshold  t  re¬ 
quires,  on  the  average,  t_  seconds  to  make,  where 


Given  tbet  obiervations  are  predoaiinantly  near  xero,  tbe  aodel  in  (A. 2) 
reflecta  tbe  obaerved  behavior  that  response  tiae  decreases  as  tbe 
vncertainty  decreases  in  tbe  response  required.  In  eq.(A.2),  as  t  becoaes 
large  in  absolute  valne  (b  ^  0),  tbe  likelihood  that  observations  will 
fall  only  on  one  aide  of  t  is  high. 

First  Teaa  Meaber 


Tbe  first  teaa  aeaber  perforas  bis  task  using  a  single  threshold. 
The  processing  tiae  required  to  do  this  test  is  given  by  eq.(A.2): 
specifically,  it  is  ~  ~  addition,  it  is  assuaed 

that  the  inpnt/ontpnt  behavior  realized  is  such  that  a  flawless  coaq)arisoa 
can  be  aade.  Denote  by  k^^  tbe  probability  distribution  p(nly^)  that 
characterizes  tbe  realized  inpnt/ontpnt  behavior.  Tbe  aodel  is  then  that 
of 
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1 
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u  ■  0 

1 

(A. 3) 


Suppose  now  that  the  operation  of  the  teaa  is  such  that  the  aeid>er 
anst  coaplete  coaparison  tests  at  the  rate  of  one  every  tiae  units.  If 
it  happens  that  t^  is  set  such  that  the  aeaber  will  be 

overloaded.  An  alternative  processing  aode  is  therefore  provided,  which 
is  the  option  to  "guess.*  This  aeans  that  the  aeaber  ignores  the 
observation  y^  and  responds  arbitrarily  according  to  soae  guessing  bias 
g^.  Input/output  behavior  when  guessing  is  aodeled  by  tbe  distribution 
kj,,  where 


u  -  0  wp  g^ 

u  -  1  wp  1  - 


(A. 4) 


To  aake  this  a  viable  option,  assuae  that  the  tiae  required  to  ezerciae 
it,  denoted  by  tp^,,  is  less  than  tpj^(t^)  for  soae  range  of  t^  values. 
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Finally,  because  the  team  member  has  two  options,  there  will  be  an 
additional  amount  of  processing  time  required  to  switch  between  them. 
Switching  overhead  depends  on  switching  frequency.  A  model  for  this  is 
given  by  the  expression 

dj- (1  -  q^) -q^  (A. 5) 

which  is  illustrated  in  Figure  A. 2.  In  eq.(A.5),  q^  is  the  fraction  of 


Figure  A. 2  Processing  Time  Overhead  for  Switching 

guessing  and  d^  is  a  scale  factor.  The  model  for  switching  is  such  that 
if  one  option  is  used  exclusively,  (A. 5)  is  xero.  Switching  overhead  is 
maximum  when  each  option  is  used  with  equal  frequency  (q^  >  0.5).  Thus, 
the  first  team  member  has  am  imput/output  behavior  modeled  by  that 
requires  an  average  processing  time  of 

+  qx*k^,  (A. 6) 

Tpi  -  (1  -  qi)*tpxx(tj)  +  qx’tpx,  ♦  dj-(l-qj)-qj  (A. 7) 

The  model  given  in  eq.(A.6)  and  eq.A.(7)  is  basically  the  so-called  Fast- 
Guess  model  [28],  which  reflects  one  mechanism  whereby  humans  can  trade 
speed  for  accuracy. 

Second  Team  Member 

The  second  team  member  switches  between  two  thresholds.  Assuming  an 
overhead  for  switching  similar  to  (A. 5),  the  average  time  required  to 
accomplish  this  task  depends  on  the  threshold  values,  and  the  relative 
frequency  of  using  them: 


2  J 

j  -  0 

+  d^'pCn  *  0)*p(ti  »  1) 


(A. 8) 


As  vith  the  first  team  aeBber,  it  assnaed  that  the  second  aember  is 
subject  to  a  processing  tiae  liait;  in  this  case  it  is  assnaed  to  be  a 
deadline  constraint  x^.  So  long  at  i  t,,  the  teaa  aeaber  can 

accoaplith  this  processing  without  error.  Errors  will  be  asde,  however, 
if  p(q),  t,,,  and  t,^  are  aoch  that  Tp,  >  T, .  The  likelihood  of  errors 
depends  on  the  difference  between  the  deadline  iaposed,  denoted  t^,  and 
the  processing  tiae  required  Thus  the  inpnt/ontpnt  behavior  of  the 

second  aeaber,  k,,  is  as  follows: 


k^:  if  n  -  j  and 


y  <  t. . 
^2  2j 


V  -  1  wp  1-q, 

V  *  0  wp  q, 

V  -  1  wp  q, 

V  ■  0  wp  l“q. 


(A.9) 


In  words,  the  second  aeaber  perforas  the  threshold  coaparison  test 
correctly  a  fraction  l->q,  of  the  tiae,  and  aakes  an  error  on  the  fraction 
q,  of  the  observations  processed. 

The  specific  aodel  for  the  error  fraction  q,  is  given  by 


1  +  e' 


where 


f  -(t.  -  T  ,)  +  f 
s  d  p2  ■ 


T  ,  ^  t . 
p2  d 

T  -  <  t . 
p2  d 


(A. 10) 


(A. 11) 


Eq.(A.ll)  is  derived  froa  Pew  [29],  who  has  snggasted  that  if  accuracy  ia 
aeasured  using  the  'odds  ratio'  (l~ilj)/qt>  then  the  hnaan  speed/accnracy 
tradeoff  can  be  represented  as  a  log-linear  relationship  between  accuracy 
and  processing  tiae.  The  relationship  has  been  realised  in  eq.(A.ll). 
For  analytical  convenience,  however,  it  is  assnaed  thst  accuracy  has  an 


upper  liait,  i.e. 

£<£„<•  (A. 12) 

which  e££ectively  aeans  that  q,  is  oon-zero.  The  aodel  represented  by 
eq.(A.ll)  is  illustrated  in  Fii;nre  A. 3.  To  understand  the  relationship 


between  t,  t^,  and  Tp,,  consider  a  particular  value  o£  Tp, ,  say  Tp, ' . 
Becall  that  Tp,  is  the  aaount  o£  time  required  to  do  the  task  without 
overload,  or  in  the  present  context,  at  aaiiaua  accnracy.  So  long  as  t^  1 
Tp,',  aaziauB  accnracy  is  possible,  and  operation  on  the  f  *  line 
occurs  as  shown  in  Figure  A. 3.  However,  when  the  deadline  t^  decreases 
below  Tp,',  there  is  iasu££icient  tiae  to  do  the  task  and  still  retain 
■aziBua  accuracy  in  processing.  The  degree  by  which  accnracy  decreases 
£or  decreasing  t^  is  governed  by  the  paraaeter  £, ,  which  is  the  slope  o£ 
the  speed/accuracy  loci  in  Figure  A. 3. 


A. 2. 3  Problea  Stateaent 

Five  independent  variables  have  been  speci£ied  within  the  teaa  aeaber 
aodels.  They  include  the  three  coaparison  thresholds  (t,,t,,  ,t,,) ,  the 
aaount  o£  guessing  by  the  £irst  aeaber  (q,),  and  the  processing  tiae 
deadline  £or  the  second  aeaber  (t^).  Substituting  k^  £or  and  adding 
the  processing  tiae  constraints  for  each  aeaber,  a  constrained 
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optiaization  problea  caa  be  foraalated  to  ainiaize  tbe  detection  error 
probability  for  the  team,  aabject  to  aeeting  the  processing  tiae 
liaitations  of  each  acaber.  Denote  by  the  detection  error  probability, 
of  the  teaa.  Then,  foraally  rtated,  the  problea  is  as  follows. 


Problea  A1  (Constrained  Optiaization  Problea) 


‘l'*20'*21'^l*‘d  (  ' 

■fpi  -  *1  ■  U-'i 


A. 3  Solution  Characteristics 

There  are  several  issues  of  interest  with  respect  to  the  solution  of 
Problea  Al.  One'  is  whether  it  is  ever  to  any  advantage  to  set  the 
deadline  t^  for  the  second  aeaber  to  be  strictly  less  than  t,.  This  is 
shown  not  to  be  the  case,  dne  to  the  aonotonicity  of  q,  in  t^.  A  second 
issue  is  whether  a  possible  solution  is  to  leave  the  thresholds  at  their 
unconstrained  optiaal  values,  i.e.  t*,  t},.  tj^,  and  to  tolerate  any 
consequent  input/outpnt  errors  (q,)  or  guessing  (q^).  At  the  other 
eztreae  is  the  possible  solution  of  adjusting  thresholds  such  that  q^  and 
q,  are  ainiaized.  The  basic  consideration  is  one  of  whether  it  is  better 
to  absorb  guesses  and  input/output  errors  soae  of  the  tiae  in  order  to  use 
quality  thresholds  aost  of  the  tiae,  or  to  use  an  'inferior*  set  of 
thresholds  all  of  the  tiae.  In  Problea  Al,  so  long  as  the  thresholds 
^ss'^sx  affect  processing  tiae  of  the  second  aeaber,  it  is  better  to 
adjust  thea.  Solutions  to  Problea  Al  do  not  necessarily  ainiaize  q,  and 
q^,  however. 


A. 3.1  Reforaulation  of  Problea  Al 


Ezaaination  of  Problea  Al  is  greatly  facilitated  by  taking  advantage 

* 
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of  the  fact  that  the  joint  distribution  p(n.H)  conpletely  characterizes 
the  analytical  link  between  team  members  17].  Thns  the  minimization  in 
Problem  A1  can  proceed  in  two  stages.  First,  tsa  can  be 
placed  as  a  function  of  p(n,H).  Then,  since  there  is  a  1-1  relationship 
between  (4j,t^)  pairs  and  p(n,B)  distributions,  a  second  minimization  can 
be  performed  over  these  distributions  to  place  and  t^,  thereby  solving 
Problem  A1 . 


Denote  by  Pjj^  the  quantity  p(n=j.BBH^}.  Then  it  is  convenient  to 
represent  the  distribution  p(n,H)  as  a  vector  P,  where 


P  =  Ip,,.  Pi,.  P,i.  Pi*]' 

Furthermore,  possible  P  valnes  depend  on  t^  and  q,^  according  to 
P  -  [P,,t(‘s>*  Po-Paat<‘s^'  Pii]' 

*  P..  ..  P..  (1-.,)  P..  g.-p.]' 


(A. 12) 


=  Pltjpqj) 


(A. 13) 


where 


(A. 14a) 


^’llt^*!^ 


1  -  I 


(^)  I  ■  ■. 


(A. 14b) 


and  !(*)  is  the  unit  normal  cnmnlative  distribution  function.  From 
eq.(A.13)  it  is  evident  that  P  it  determined  at  a  combination  of  two  P 
vectors,  one  corresponding  to  exclusive  use  of  the  threshold  t^  and  one 
corresponding  to  exclusive  use  of  guesting. 


The  analysis  of  Problem  A1  is  alto  aided  by  rewriting  the  team 
detection  error  probability  so  that  its  basic  structure  it  evident. 
One  element  of  this  structure  is  the  team  detection  error  pr'^bability  when 
q.  >  0.  This  it  given  at  the  quantity  J,  where 


The  second  element  of  structure  is  the  input/ontpnt  error  fraction  of  the 
second  member,  q, .  Incorporating  this  element  gives  an  overall  detection 
error  probability  of 

Jq  *  ‘^2^^p2'^d^ 

-  (l-2J)*q2  +  J  (A. 16) 

Using  eq.(A.16)  and  the  stagevise  decomposition  described  earlier,  the 
approach  to  solution  of  Problem  A1  is  illustrated  in  Figure  A. 4. 


min  /  min 

».t.  Tp,  s  t,  A  ta 
Ps£(A.t.H  »*• 


(l-ZT)<i^  *  T 
<  ^z. 


Figure  A. 4  Illustration  of  Stagevise  Decomposition  of  Problem  A1 


Before  proceeding  to  an  analysis  of  solution  characteristics, 
however,  it  is  convenient  to  formulate  a  modified  version  of  Problem  Al. 
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Because  explicit  dependence  on  thresholds  t,,  and  t,^  occurs  in  only  in 
the  function  J  and  in  the  determination  of  processing  time  '^pa>  it  is 
possible  to  aggregate  these  thresholds  into  the  single  yariable  and  to 
substitute  a  new  function  J  for  J.  where 


J(P.Tp2) 


min  ^  t  J, ,  t,  j) 


(A. 16) 


iso  *  *1 1 


T  =  T 
P*  P* 


If  P  is  given,  then  p(n)  is  known  and  Tp,  depends  only  on  the  thresholds 
t,,,  and  t,^.  Furthermore,  if  is  constrained  to  be  constant  at 

then  the  model  of  eq.(A.8)  specifies  that  t,,  and  t^^^  determine  an 
ellipse.  Eq.(A.16)  is  therefore  a  search  for  the  (t^^.t,^)  pair  on  a 
specific  ellipse  that  minimises  J.  Because  J  is  bounded,  such  a  minimum 
will  exist.  Thus  there  is  at  least  one  pair  of  thresholds  (t,,,t,^)  that 
solve  (A. 16)  for  each  possible  value.  Multiple  solutions  to  (A. 16) 

are  possible,  but  their  existence  is  not  a  factor  given  the  problem 
reformulation  in  terms  of  Using  this  aggregation.  Problem  A1  can  be 

stated  in  terms  of  q,^,  t^,  Tp,  and  t^  as: 


Problem  A2 
min 


[1 


s.t.  T  i  X  I  t.  i  X 
pi  1  *  d  1 


P  -  P(t^.q^) 

As  a  technical  matter,  note  that  Tp,  is  subject  to  a  maximum  value 
that  depends  on  P.  This  maximum  occurs  where  t,,  =  t,^  =  0.  In  the 
determination  of  Problem  A2  solution  characteristics,  this  limit  is  not  a 
factor,  however,  unless  it  happens  that  the  unconstrained  optimal 
thresholds  t*j  are  both  xero  for  a  given  P  value.  This  is  an 
uninteresting  case  since  it  means  that  the  first  member's  indication  is 
being  disregarded  entirely. 
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A. 3. 2  Second  Member  Solution  Characteristics 


Assigning  Deadline 

Consider  now  the  inner  minimization  in  Problem  A2 .  For  given 
necessary  conditions  for  a  solution  valne  of  t^  [30]  are  given  by 


8J 

dt. 


r  1 

r 

[l  -  2-,.] 

1 

1  -  2-jJ  +  p  =  0 

(A. 17a) 

1  0 


(A. 17b) 
(A. 17c) 


Since  J  does  not  depend  on  t^.  the  first  term  in  eq.(A.17a)  is  zero.  The 
first  factor  in  the  second  term  is  negative,  since  q,  is  monotonically 
decreasing  with  respect  to  increasing  t^.  Furthermore,  J  is  bounded  above 
by  0.5.  The  latter  derives  from  the  interpretation  of  J  as  the  detection 
error  probability  of  the  team  when  q,  =  0.  A  valne  of  J  1  0.5  implies 
that  the  thresholds  sre  being  used  to  give  observations  an  opposite 
interpretation,  which  results  in  worse  than  chance  behavior.  Assuming 
that  the  minimization  in  eq.(16)  assures  that  at  least  chance  performance 
will  obtain,  i.e.  that  J  <  min(p,,Pj)  1  0.5,  then  eq.(A.17)  implies  that 
t^  >  T,.  In  other  words,  always  place  the  deadline  at  the  maximum 
allowable.  This  result  is  valid  independent  of  T^,  and  P  values. 


Using  Unconstrained  Optimal  Thresholds 


Continuing  with  examination  of  the  inner  minimization,  consider  the 
question  of  whether  the  unconstrained  optimal  thresholds  t*j  can  be  a 
solution  to  Problem  A2.  Because  of  the  reformulation  in  terms  of  P  and 
the  stagewise  minimization  structure,  this  question  must  be  answered  in  a 
more  general  way.  Whereas  the  minimization  in  eq.(A.16)  resulted  in  the 
construction  of  two  functions  t,j(Tp^,P),  minimization  of  J  without  the 
constraint  in  eq.(A.16)  results  in  two  different  functions  that  represent 
the  unconstrained  optimal  values  of  t,j  for  s  given  P  valne.  Denote  these 
functions  by  t{j(P).  Written  explicitly,  they  are 
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(A. 18) 


2(o,)^  log  (Poi/p«o^ 


2(id, 


‘^21 


2(o,)^  log  (Pii/Pjo^ 

2(“i,  -  "ai) 


(A. 19) 


Note  that  eq.(A.18)  and  eq.(A.19)  inclnde  the  values  of  t,j  that  are  found 
in  yj;  they  are  obtained  by  setting  P  *  P(t*,0). 


To  resolve  the  issne  at  hand,  therefore,  the  investigation  proceeds 
in  terns  of  P  and  considers  whether  tJj(P)  represent  a  possible  solution 
to  the  inner  stage  atinioization.  Denote  by  T*j(P)  the  processing  time 
required  by  the  second  member  when  unconstrained  optimal  thresholds  are 
used.  Setting  t^  r,  in  Problem  A2,  the  inner  stage  minimization  becomes 
that  of  finding  a  value  of  that  solves 


aj 


=  0 


(A. 20) 


In  particular,  it  is  of  interest  whether  T^^CP)  satisfies  eq.(A.20). 
Because  represents  a  global  minimum  of  J,  the  first  term  in 

eq.(A.20)  is  zero.  Now,  if  T*,(P)  i  x,  the  second  term  is  also  zero, 
since  q,  does  mot  depend  on  in  this  region.  Thus  unconstrained 

optimal  thresholds  are  solutions  when  the  processing  time  they  require 
does  not  exceed  the  deadline.  This  is  reasonable,  since  any  adjustment  of 
thresholds  would  have  no  effect  on  input/output  errors;  hence  the  thresh¬ 
olds  can  be  left  at  their  nnconstrained  optimal  values. 


However,  for  T*,(P)  >  x,  a  different  result  obtains.  In  this  situa¬ 
tion,  q,  is  monotonlcally  increasing  with  Furthermore,  since  J  < 
0.5,  as  discussed  earlier,  it  it  true  that  the  second  term  is  non-zero. 
Hence  T*,(P)  does  not  satisfy  eq.(A.20).  This  result  means  that  if  the 
processing  time  required  by  use  of  the  nnconstrained  optimal  threshold 
values  it  greater  than  that  allowed,  it  is  always  desirable  to  adjust  t,. 
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and  to  reduce  end  thereby  reduce  the  input/output  error  . 
Miniaizing  Second  Member  laput/Output  Errors 

The  discussion  above  has  concluded  that,  vben  it  is  an  issue,  it  is 
aore  advan.ageous  to  reduce  the  second  member's  input/output  errors  than 
to  retain  the  best  thresholds.  The  question  arises  as  to  whether 
input/output  errors  should  be  minimized  as  much  as  possible,  at  the 
expense  of  the  threshold  settings.  In  terms  of  Problem  A2,  this  issue  is 
one  of  whether  T^,  ~  t,  is  a  solution  to  the  inner  minimization,  given 
that  T*j(P)  >  tj,  or  whether  Tpj  >  t,  is  a  solution  instead.  Its 
resolution  depends  on  how  drastically  the  trade  of  speed  for  accuracy  is 
made  by  the  team  member,  which  Is  modeled  by  the  parameter  f^. 


To  properly  Investigate  this  issue,  it  it  necessary  to  add  another 
constraint  to  Problem  A2  in  the  inner  stage  that  restricts  values  of  T^, 
to  be  larger  than't,,  which  is  the  region  of  interest.  The  result  it  the 
problem 


min 


j  j(P,fp2>  "  2-J(P,T_,.) 


1-qJT  1 


p2']'‘‘2'*p2'*2'  I 


S.t.  T,  -  Tp, 


(A. 21) 


where  it  it  assumed  that  T*,(P)  >  t,.  The  necessary  conditions  for  a 

solution  value  of  T_,  are 
P* 


dJ 


>  0 


(A. 22a) 

(A. 22b) 
(A. 22c) 


and  the  issue  is  whether  Tp,  ~  t,  is  a  solution  to  (A. 21).  If  to.  p  >  0. 

In  addition,  it  mutt  be  true  that  the  first  two  terms  in  (A. 21a)  are 

positive  in  sum.  It  happens  that  the  second  of  the  two  it  always 

positive,  at  discussed  previously.  However,  the  first  it  always  negative 
for  T,  i  fp,  i  T*j(P).  This  is  because  q,  <  0.5,  which  is  again  the 

assumption  that  the  second  member's  processing  beh*.vior  is  better  than 
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I 


chtnce  level.  Fnrthersore,  for  e  It,  ,  T*,(P)],  J  Bonotonically 
decrees  s  with  iocreasing  ^ps *  ^pi  the  thresholds  t,, 
and  t,,  to  Bove  away  froa  t*j(P),  J  increases.  Together,  these  two  facts 
Bean  that  the  first  term  in  (A. 22a)  is  negative. 


Thns  it  is  nnclear  whether  =  x.  satisfies  (A.22a)  .  A  BOre 

P*  * 

specific  test  to  resolve  the  aabignity  can  be  derived  as  follows.  At 
Tp,  “  T,,  q,  is  at  its  Biniana:  q,  =  (1  +  exp(fjj))~^  ^  ‘Isa’  F^rtheraore 


dq,(T,.T,) 


I 


f  • 
s 


e 


(q 


sa 


) 


-2 


(A. 23) 


Substituting  (A. 23)  into  (A. 22a)  and  rearranging  gives 


f  >  -  <q„,)^*(e^») 

s  *■ 


^-^sa 

2-j(P.T,) 


dJ(P,T,) 


(A. 24) 


which  Bust  be  satisfied  if  Tp,  *=  t,  is  a  solution.  is  a  non-negative 
quantity  that  depends  on  P.  The  paraeeter  f^  aodels  the  rate  at  which 
input/output  errors  increase  as  the  processing  tiae  required  increases 
beyond  the  deadline.  If  f^  >  F^,  then  the  aarginal  increase  in  q,  is 
great  enough  so  that  it  is  optiaal  to  ainiBize  input/output  errors  and  to 
adjust  thresholds  accordingly.  If  f^  <  F^,  then  there  exists  a  coaproaise 
between  the  two  extreaes  -  ainiaua  q,  at  Tp,  »  t,  or  ainiaua  J  at  'Fp,=  T*, 
-  that  gives  better  overall  teas  perforaance. 


SuBBary  of  Second  Meaber  Solution  Characteristics 

Three  specific  issues  regarding  the  placeaent  of  t,,.  t,,  and  td  ‘o 
solve  Problea  A1  have  been  considered  in  the  foregoing  paragraphs. 
Because  of  the  stagewise  ainiaization  solution  technique,  the  conclusions 
reached  are  in  terns  of  P.  Figure  A. 5  illustrates  the  speed/accuracy  loci 
for  a  given  P  value  and  also  suaaarizes  graphically  the  conclusions 
regarding  the  inner  stage  ainiaization. 

First,  it  has  been  shown  that  t^  should  always  be  set  at  x,  to  that 
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Figure  A. 5  Illustration  of  Inner  Minimization  Results 

the  member  can  use  all  the  time  available.  In  terms  of  Figure  A. 5,  this 
means  that  possible  solution  points  are  limited  to  one  of  two  regions. 
One  is  along  the  t  ^  line  from  t^  »  0  up  to  t^  °  T, .  This  region 
corresponds  to  where  T*,(P)  <  which  might  give  a  solution  such  as  at 
point  A,  The  other  region  is  along  the  t^  •  line.  Solutions  will  be 
on  this  line  when  T*,(P)  2  which  is  the  case  shown  in  Figure  A.S. 

Point  B  it  where  T*,(P)  *  t^  and  represents  the  lowest  value  of  t^  for 
which  maximum  accuracy  can  be  achieved  using  the  unconstrained  optimal 
thresholds  t*j(P). 

Second,  for  the  cate  where  T*,(P)  <  x,,  i.e.  for  the  situation 

represented  in  Figure  A.S  by  point  B,  it  has  also  been  shown  that  it  is 
always  optimal  to  adjust  the  thresholds  away  from  t*j(P).  In  terms  of 
Figure  A.S,  this  meant  that  point  C  it  not  a  solution  to  Problem  A2. 
Rather,  the  solution  lies  somewhere  between  points  D  and  C,  possibly 
exactly  at  point  D.  Point  D  represents  the  adjustment  of  thresholds  t,j 
so  that  accuracy  it  maximized.  Whether  or  not  this  it  desirable  depends 
on  the  characteristics  of  J  at  point  D  and  also  on  the  slope  of  the 
speed/accnracy  loci.  The  tradeoff  is  as  follows.  Moving  the  operating 
point  away  from  D  toward  C  means  that  the  thresholds  are  in  some  sente 
closer  to  t*j(P)  and  therefore  of  higher  quality.  It  alto  meant  that 
inpnt/outpnt  accuracy  decreases.  Thus  if  the  performance  gained  because 
of  threshold  improvement  exceeds  that  loat  because  of  accuracy  degra- 
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dation,  a  aolution  point  between  D  and  C  will  be  selected.  A  test  for 
whether  this  is  the  case  has  been  derived,  which  compares  the  parameter  f^ 
with  characteristics  of  operating  at  point  D. 


A. 3. 3  First  Member  Solution  Characteristics 


Discussion  thus  far  has  considered  solution  characteristics  in  terms 
of  P,  and  the  conclusions  reached  pertain  to  the  second  member.  Turning 
now  to  the  outer  minimization  in  Problem  Al,  there  are  several  questions 
that  arise.  One  is  whether  the  solution  ever  involves  guessing  by  the 
first  member.  A  related  question  is  to  what  extent  the  guessing  bias 
influences  solution  characteristics.  To  resolve  these  issues  it  is  useful 
first  develop  a  geometric  representation  of  how  feasible  (t^.q^)  values 
map  to  values  of  P,  and  thee  to  consider  the  solution  of  Problem  Al  in 
terms  of  this  framework. 


Geometric  Representation  of  P  Values 

For  given  a  priori  probabilities  on  B  (i.e.  p,,  p^),  all  possible  P 
values  can  be  represented  in  the  pl>°e,  and  in  fact  describe  a 
region  typically  as  shown  in  Figure  A. 6.  The  construction  is  as  follows. 


fo 

Figure  A. 6  Typical  Region  of  T  Values  in  (p«o'Pxi)  Pl^ne 

First,  for  q^  •  0,  a  locus  of  points  (p.^^Ct^),  Pm^t^))  is  determined  in 
the  (p»«>Pxi)  pltne.  In  the  figure,  points  T  and  Z  correspond  to  where  t,^ 
->  •  and  tj  ->  respectively.  As  t^  moves  from  -•  to  +«  the  locus 

determined  has  many  properties  in  common  with  the  usual  Receiver  Operating 


Characteristic  [27]  used  ia  signal  detection  theory.  In  particular,  it  is 
convex.  Furthermore,  as  the  ability  of  the  first  member  to  discriminate 
between  H  *  H*  or  H  =  improves,  the  locus  moves  closer  to  the  p^^  »  p^ 
horixontal  and  p,,  *  p,  vertical  lines,  with  perfect  discrimination 
represented  by  the  point  (Poo>Pxi)  *  As  will  be  seen  shortly, 
the  locus  tPxit^^i^ )  upper  boundary  of  the  region  of 
possible  P  values  in  the  (p««<Pxx^  plane. 

At  the  other  extreme,  if  «  1,  then  a  single  point  in  the  (Poe'Pxi^ 
plane  is  determined:  (g^  Pe<(I~Kx^  Pi^*  This  point  falls  on  the  diagonal 
from  point  Y  to  point  Z  in  Figure  A. 6,  and  its  actual  location  depends  on 
the  values  of  the  guessing  bias  g^.  Point  S  corresponds  to  g^  -  0.5,  and 
points  T  and  Z  correspond  to  gx  0  and  g^  >  1.0,  respectively.  Now 
consider  the  points  (Pao'Pxs^  that  are  generated  when  q^  and  t^  range  over 
their  possible  values.  For  simplicity,  assume  that  g^  -  0.5.  Then  for 
each  value  of  t^,  as  q,^  moves  from  0  to  1  a  linear  locus  in  the  (p«»«Pxx^ 
plane  is  determined  that  extends  from  the  (p», (( tx) tPxxt ^  locus  to  the 
point  S.  For  given  values  of  g^,  the  mapping  from  (t^,qj)  to  (Pt*»Pxi) 

1-1  and  in  fact  determines  a  closed  bounded  region  such  as  the  one  shown 
in  Figure  A. 6.  Note  that  all  points  off  the  upper  boundary  represent  non- 
xero  guessing,  and  that  the  unconstrained  optimal  operating  point  is 
itself  somewhere  in  the  upper  boundary  as  illustrated  by  point  G  in  the 
figure . 

While  Figure  A. 6  represents  possible  P  values,  mot  all  of  them  will 
be  feasible  due  to  the  constraint  on  Specifically,  for  given  x^,  the 
constraint  requires  t^  and  q^  to  be  such  that 


Figure  A. 7a  shows  typically  how  eq.(A.25)  restricts  P  values  for  d,^  ■  0, 
i.e.  when  the  first  member  has  no  switching  overhead.  A  guessing  bias  of 
0.5  has  been  assumed.  The  arc  ACB  represents  the  locus  where  >  t^, 
and  the  shaded  area  designates  the  region  of  feasible  P  values.  A  similar 


(a)  a,«0  (k)  J,  .j 

Figure  A. 7  Constriint  on  in  Plene;  gj“0.5 

depiction  it  given  in  Figure  A. 7b  for  tbe  case  vbere  has  increased  from 
zero  to  a  relatively  significant  valne.  Again,  tbe  arc  ADB  represents  the 
locns  where  Note  that  the  syunetry  in  eq.(A.25)  about  zero  for 

values  maps  into  the  plane  as  a  symmetry  of  torts  abont  the 

XS  locns.  (Kecall  from  Figure  A. 6  that  by  definition  point  X  is  where  t^ 
■  0  and  q,  >  0.) 

Solution  Characteristics 

The  solution  to  Problem  A2  is  fonnd  by  searching  over  regions  such  at 
those  in  Figure  A. 7.  It  it  not  necessary  to  consider  every  feasible 
(Pes'Pii^  point,  however.  Rather,  it  is  known  that  the  solution  mutt  lie 
on  the  upper  boundary  of  the  feasible  region,  as  will  now  be  shown. 

Consider  again  the  region  in  the  (p»«>Pit)  plane  that  represents 
possible  P  values.  Denote  this  region  by  R,  and  alto  define  q,  to  be  the 
quantity  p(u>0).  In  terms  of  P, 

q,  -  p(n-O)  «  p,,  +  p,j  -  p,,  +  Pj  -  Pij  (A. 26) 

In  the  (p««fP^i)  plane,  constant  q^  contours  are  lines  with  positive 
slope,  as  shown  in  Figure  A. 8.  For  each  q,  value  there  exists  two 
(Pa0»Ptx^  peirs  on  the  boundary  of  R.  Denote  the  pair  on  the  lower 
diagonal  boundary  by  (p««g(4«)«Pxxg(R«))  pair  on  the  upper  right 

boundary  by  (p««Q<q«) #Pxxa(4«)) *  Then  all  possible  (Pxx,Pxx)  Ttlues  in  R 
can  be  determined  from  values  of  q,  and  6  using  the  expression 


or  0.0 


o.s 


Figure  A. 8  Constant  4^  Contours  in  (Poo'Psi^  Plane 
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■  (A. 27) 

Conversely,  only  values  in  R  can  be  reached  by  eq.(A.27).  In  searching 
over  feasible  P  v.alnes  to  acconplish  the  outer  ninimization  and  thereby 
solve  Problesi  Al,  it  is  therefore  possible  to  search  over  (q^rb)  pairs, 
which  adds  considerable  focns  to  the  ninimization  process. 

To  set  up  the  general  solution  in  teras  of  using  (q,«b)  pairs, 
consider  first  a  special  case  of  Problea  Al  where  the  constraint  on  the 
first  aeaber  is  not  binding  and  all  possible  P  values  are  feasible.  In 
teras  of  q,  and  6,  Problea  Al  can  be  written  as 


Problea  A3 


ain 

^ss  '*ss 


+  (l-2q,)-jl 


In  Problea  A3,  the  fact  that  t^  >  has  been  used  to  eliainate  the 
constraint  on  tj.  Furtheraore,  eq.(A.27)  is  to  be  used  to  aap  (q,,b) 
pairs  into  values  of  P,  An  equivalent  problea  is  obtained  by  rearranging 
the  order  of  ainiaization: 
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Bin  J  Bin  >  min  ;  q«  +  (l-2q,)*Jl  )  I 

1. 1  I  ‘  I  Ml) 


The  advantage  of  doing  ao  is  that  for  given  t,,,  t,^,  and  q,  the  value  of 
q,  is  fixed.  This  aeans  that  aiiniaization  over  6  affects  only  J.  As  s 
shorthand,  define 


(M) 


j.k  e  {0,1) 


(A. 28) 


Substituting  eq.(A.28)  into  eq.(A.15)  and  rewriting  in  terais  of  (q,,6),  J 
can  be  expressed  as 


-  [<!-«)  •Pjo.'V  *  ‘  P( 


*00^  * 


+  [(l-6).pj^^(qo)  +  6-Pii,(V]*^*ir*01^  ^1**10 

For  given  values  of  t,,,  t,^,  and  q^  consider  the  Biniaization  over  6 
in  eq.(A.29).  Differentiate  with  respect  to  6.  The  result  yields 


..  *  t’oog^^o^  ”  ^’oOu^^]  *  ^*10  "*00^ 

vO 

*  [‘’llg^^O^  ■  **llu^^0^]  '  ^*11  “*01^ 


1  •  <«11  -«01> 


(A. 30) 


Because  of  the  paraBcterization  in  teras  of  q^  and  the  properties  of  R,  it 
is  true  that 


P.eg<«e)  -  P.*B<4t> 

Piig<«e>  -  Psin^«e^ 


(A. 31) 
(A. 32) 


Equality  in  eq.(A.31)  and  eq.(A.32)  only  occurs  at  the  extreaes  where  q,  > 
0  or  1.  Since  these  two  situations  are  not  of  particular  interest  with 
respect  to  subsequent  conclusions,  a  strict  inequality  can  be  assuaed. 
Now,  it  t,,  <  t,.,  then  strict  inequalities  exist  between  and 


(A. 33) 
(A. 34) 


^1*  ^  ^00 

«1»  <  «.l 

Ib  this  sitBstioB,  the  ri|ht  hand  side  of  eq.(A.30)  is  strictly  positive, 
which  aesns  that  J  increases  with  increasing  6.  Thns  the  ainiaizing  6  is 
0,  which  aeans  that  the  solntion  is  on  the  npper  boundary  of  R.  A 
coapleaentary  situation  obtains  for  t,,  <  t^,^:  6  1  and  the  solntion  is 
on  the  lover  boundary.  For  the  case  where  t,,  -  t,^,  any  value  of  6  is  a 
solution:  6  »  0  is  arbitrarily  apecified. 

Since  the  observations  aade  with  respect  to  eq.(A.30)  are  valid  for 
4«<  general  conclusion  is  that  solutions  to  Problea  A1  are  such 

that  they  fall  on  the  boundary  of  1.  Fnrtheraore,  it  can  be  argued  on 
intuitive  grounds  that  the  aolution  aust  be  on  the  npper  bonndary.  This 
is  reasoned  as  follows.  For  given  q^,  knowing  that  6  >  0  or  1  in  effect 
reduces  Problea  A3  to  two  ainiaizations  over  t,,,  t,^: 

ain  I  q,  +  (l-2q,) -J^Cq,) 

ain  I  q,  +  (l-2qj) ‘J-Cq,) 

^ss'^si  ' 

where  and  represent  the  values  of  J  on  the  npper  and  lower 
boundaries  of  S,  respectively.  By  analogy  with  the  Receiver  Operating 
Characteristic,  however,  the  lover  bonndary  represents  purely  randoa 
responses  by  the  first  aeaber.  In  addition,  since  q,  is  specified  the 
effect  on  q,  by  the  first  aeaber  is  the  saae  in  eq.(A.35)  and  •q.(A.36). 
Finally,  there  are  no  restrictions  on  t,j  in  either  case.  The  issue  is 
whether  the  solution  in  (A. 35)  yields  a  saaller  than  in  (A. 36).  Since 
(A. 35)  represents  operation  at  a  point  where  the  first  aeaber  is  providing 
soae  nsefnl  indication  to  the  second  aeaber,  it  can  be  concluded  that  the 
teaa  can  do  no  worse  in  (A. 35)  than  in  (A. 36) ,  because  in  the  latter  cate 
no  useful  inforaation  is  provided  by  the  first  aeaber. 

The  foregoing  discussion  has  been  aade  for  the  special  case  where  the 
entire  region  of  realizable  pairs  vat  also  feasible.  If  the 


(A. 35) 

(A. 36) 
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processing  tixe  constraint  on  the  first  Benber  is  binding,  then  not  all  of 
R  is  feasible  as  illnstrated  in  Figure  A. 7.  The  parameterization  of 
(p,,,Pjj)  pairs  in  terms  of  q,  and  6  must  be  adjusted  in  this  case  so  that 
only  feasible  pairs  are  obtained.  This  can  be  done  simply  by 
restricting  6.  That  is.  for  each  value  there  will  be  a  set  of  6  values 
that  correspond  to  feasible  (p«o<Pii)  pairs.  Denote  this  set  by  A(q,). 
Thus  Problem  A3  is  modified  to  be  that  of 

Problem  A3  (Modified) 


(  “in  i  <1,  +  (l-2q,)*jll 


s.t.  6  e  A(q,) 


The  arguments  made  earlier  with  respect  to 


are  unchanged,  however.  It  is  still  desirable  to  place  b  at  either  its 
maximum  or  miniaam  value.  This  means  that  solutions  to  Problem  A3  will 
either  be  on  the  lower  diagonal  or  on  the  npper  bonndrry  of  the  region 
representing  feasible  (p«»«Pjx)  values.  Furthermore,  the  same  line  of 
reasoning  can  be  used  to  argue  that  the  npper  boundary  represents  a 
uniformly  better  solution  point  for  a  given  q^.  Taking  this  to  be  the 
case,  the  general  conclusion  is  that  solution  to  Problem  A1  is  such  that 
either 


q^  -  0  or  T  -  t. 


(A. 37) 


In  terms  of  Figure  A. 7,  (A. 37)  means  that  the  solution  must  be  on  the 
arcs  TACBZ  or  TADBZ,  respectively.  In  particular,  it  is  possible  that 
solutions  will  be  obtained  on  the  arcs  ACB  or  ADB;  in  other  words  it  may 
be  optimal  to  guess.  This  can  be  explained  qualitatively  as  follows.  All 
other  things  being  equal  (i.e.  neglecting  the  second  member),  it  is 
desired  to  operate  in  the  (pa^fP^z^  plane  as  close  as  possible  to  the 
point  where  q,  ■  0  and  t,  *  t*.  In  Figure  A. 7,  neither  region  admits  the 


naconstrained  optisal  solntion  at  feasible.  In  Figure  7a.  however,  point 
E  is  closer  than  point  B.  where  the  foraer  is  such  that  0  and  the 
latter  is  the  nearest  feasible  point  where  >  0.  In  Figure  7b,  point  B 
is  closer  to  the  unconstrained  optinal  point.  Thus  the  aituation  in  (a) 
is  likely  to  have  a  solution  where  q^  |i  0,  while  in  (b)  the  solution  will 
likely  be  at  point  B. 

Effect  of  Guessing  Bias 

Given  the  framework  and  analysis  presented,  it  is  straightforward  to 
consider  the  effect  that  guessing  bias  has  on  the  problem  solution. 
Figures  A. 6  and  A. 7  were  constructed  assuming  a  50/50  guessing  bias,  i.e. 

■  0.5.  As  mentioned  earlier,  exclusive  guessing  (q^  >  1)  determines  a 
aingle  operating  point  in  the  (Pos'Fn)  plane  along  the  diagonal  from 
(0,p^)  to  (p, .0).  Since  the  upper  boundary  of  R  is  unchanged  by  changes 
in  gj^,  the  region  of  possible  (p«*«Pij)  pairs  is  always  the  same 
irrespective  of  where  point  S  lies  on  the  diagonal.  However,  because  the 
constraint  on  processing  time  is  in  some  sense  symmetric  about  the  XS 
segment  due  to  the  form  of  eq.(A.25),  the  region  of  feasible  (pe»«Pxa) 
pairs  is  altered  when  g^  changes.  Figure  A. 9  shows  the  same  constraints 


Figure  A. 9  Constraint  on  in  (p««>Pxi)  Plane:  g^  -  0.75 

aa  Figure  A. 7,  except  that  g,  is  set  to  be  0.75.  For  this  case,  the  pure 
guessing  point  is  at  S',  which  ia  at  25%  of  the  TZ  distance  from  T. 

Thongh  the  actnal  region  of  feasible  values  changes  with 

g^,  the  qualitative  characteriatics  of  the  problem  aolntion  do  not.  Thus 


ISO 


the  eolation  is  to  be  found  on  the  region's  bonndsry,  in  particnlsr  along 
the  upper  boundary  of  the  feasible  region.  Furthemore,  solutions  with 

0  end  with  t^  ^  t*  are  also  possible  end  even  likely,  depending  on 
how  the  constraint  restricts  (p«o  values. 

Reversing  Signals  -  An  Alternate  Solution 

A  significant  aspect  of  the  solution  for  the  first  member’s  operating 
point  is  evident  by  examining  the  problem  in  terms  of  the  (Poo'Pii^  plane. 
Whereas  the  "performance”  that  is  possible  for  the  member  (as  determined 
by  the  ability  to  discriminate  between  H  values)  has  the  usual  convex  ROC- 
like  shape,  the  addition  of  a  workload  constraint  changes  the  region  of 
feasible  operating  points  so  that  can  be  decidedly  non-convex.  This 
highlights  the  fact  that  workload  and  performance,  while  they  may  depend 
on  the  some  underlying  parameters,  are  two  different  measures.  Thus  when 
both  are  represented  in  the  same  coordinate  framework  there  is  no 
guarantee  that  both  will  exhibit  the  same  properties  in  that  frame. 

As  a  further  example  that  workload  and  performance  are  distinct  but 
related,  the  following  discussion  outlines  how  better  overall  team 
performance  can  be  realized,  because  of  workload  constraints,  if 
individual  members  reverse  the  interpretation  of  the  signal  that  is  sent 
between  them.  Thst  is,  if  the  first  member  declares  u  *  0  when  y^  >  t^ 
and  the  second  member  is  assigned  thresholds  t,j  such  that  he  is  biased  to 
say  V  «  0  when  u  *  1,  a  consistent  end-to-end  association  of  H  values  with 
V  values  will  have  been  made,  since  the  reversals  within  the  team  cancel 
each  other.  The  potential  advantage  of  doing  so,  however,  is  that  the 
workload  of  the  second  member  can  be  significantly  altered,  and  thereby 
lead  to  improved  overall  team  performance. 

To  show  how  reversing  signals  can  be  of  advantage,  an  example  will  be 
constructed.  First,  consider  the  implication  of  reverting  the  assignment 
of  n  valnes  with  respect  to  y^.  In  terms  of  the  (p«««Pxi)  plane,  the 
result  is  that  a  new  region  of  (p«c>Pjx)  pairs  are  now  possible,  as  shown 
in  Figure  A. 10.  Points  above  the  diagonal  are  realized  by  associating 
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Figure  A. 10  Aagnented  Region  of  Possible  (Poo'Pii^  Pairs 

n  *  1  if  points  belov  the  diagonal  are  realized  when  n  »  0  is 

declared  for  y^  >  Tbe  points  below  the  diagonal  are  obtained  from 

those  above  by  reflecting  through  the  point  (.5p,,.Sp^). 

The  outer  minimization  in  Problem  A1  is  thus  conducted  over  a  larger 
region  of  pairs.  However,  the  analysis  completed  earlier  by 

parameterizing  R  in  terms  of  q,  and  6  is  still  valid.  In  particular,  the 
solution  point  will  still  be  on  the  boundary  of  R,  even  though  the 
characteristics  of  R  have  changed  somewhat.  Recall  that  it  will  be  on  the 
upper  boundary  if  t,,  >  t,^;  it  will  be  on  the  lower  boundary  if  t,,  < 
t,^.  In  this  case,  however,  both  tbe  upper  and  lower  boundaries  represent 
useful  information  to  be  forwarded  to  the  second  member.  Furthermore,  the 
solution  will  be  such  that  the  information  is  used  consistently  with 
respect  to  overall  detection  performance.  That  is,  on  the  upper  boundary 
u  >  1  will  bias  the  second  member  in  favor  of  H  «  since  t,,  <  t..;  on 
the  lower  boundary  u  ~  1  will  bias  the  second  member  in  favor  of  H  « 
since  t,^  >  t,,. 

In  obtaining  the  original  unconstrained  detection  decision  rules, 
there  were  two  equivalent  aolution  possibilities.  One  corresponded  to 
operation  on  the  lower  boundary  of  R  and  the  other  on  the  upper.  The 
addition  of  processing  limitations  on  the  second  member,  however,  can  make 
one  of  these  solutions  more  desirable  than  the  other  as  will  now  be 
illustrated.  Suppose  that  the  unconstrained  optimal  solution  is  such  that 
qj  ■  0.5,  i.e.  each  threahold  t*j  ia  used  an  equal  percentage  of  the  time. 
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Select  the  solution  that  puts  t^^^  <  and  which  sssunes  u  =  1  when  > 

t*.  Now  consider  what  happens  when  the  speed/accuracy  tradeoff  aodel  of 
the  second  aember's  processing  behavior  is  added.  In  particular,  assuae 
that  b,,  >  b,^>  which  aeans  that  threshold  t,^  requires  less  workload  than 
*1#  • 

The  situation  described  above  is  illustrated  in  teras  of  the 
(tjo'^si^  plane  in  Figure  A. 11.  Point  A  is  the  unconstrained  optiaal 

zo 


Figure  A. 11  Illustration  of  Second  Meaber  Operation  in  Plane 

operating  point  chosen.  Point  B  is  the  equivalent  perforaance  point 
obtained  by  interchanging  values  of  t,,  and  t,^  and  reversing  the 
assignaent  of  u.  The  two  ellipses  in  the  figure  are  constant  T^, 
contours.  Given  that  a*  •  0.5,  the  relttionshin  betweeg  b  _  and  b.. 
deteraines  their  eccentricity.  The  outer  ellipse  corresponds  to  a  lower 
value  of  Tp,  (see  eq.(A.8))>  in  particular,  it  is  true  that 

tJ.  >  tJ.  (A.39) 

Given  the  aodel  of  the  second  aeaber's  behavior,  so  long  as  v,  1  ^s' 
solution  to  Problea  A2  will  leave  the  operation  at  t,j  «  j ' 
fact  the  best  that  the  teaa  can  do  given  the  upper  liait  on  the  second 
aeaber's  input/output  accuracy.  (For  purposes  of  exposition,  it  is 
assnaed  that  the  first  aeaber’s  constraint  is  not  a  factor.)  When  t,  < 
then  leaving  t,j  at  point  A  aeans  that  input/output  accuracy  will 
decrease.  However,  because  point  B  represents  a  saaller  T  ,  value,  it  is 


possible  to  retain  the  better  performance  level  by  reversing  the 
assignment  of  n  and  interchanging  thresholds 

Thongh  q*  has  been  assumed  to  be  O.S  in  this  example,  the  result 
demonstrated  does  not  require  this  to  be  the  case.  Basically,  becauae 
there  are  inequalities  in  processing  time  for  using  each  threshold 
there  exists  the  possibility  that  this  can  be  exploited.  If  by  reversing 
u  assignment  a  aeldom-used  but  low-vorkload  threshold  type  can  be  made 
into  an  often-used  threshold  that  in  turn  lowers  overall  processing  load, 
then  this  can  be  of  advantage  with  respect  to  overall  team  performance. 

Summary  of  First  Member  Characteristics 

Using  geometrical  arguments,  the  solution  characteristics  for  the 

outer  minimization  in  Problem  A1  have  been  examined.  It  was  shown  that 

guessing  can  be  desirable  in  some  situations  and  that  the  guessing  bias 

can  have  an  effect  on  the  relative  attractiveness  of  guessing  as  part  of 

the  solution.  A  general  result  was  that  solutions  must  exist  either  where 

q^  *0,  qj  *  1.  or  Tpj  =  tj.  In  the  ^Po*»Pii)  plane  this  places  the 

solution  on  the  bound>iry  of  feasible  (p«»>Pxx)  pairs.  It  was  further 

argued  that  q^  «  1  is  not  a  solution  characteristic,  since  for  every 

possible  q^  ^  1  solution,  there  exists  a  better  one  either  where  q^  ~  0  or 

where  T_,  *  t.. 
pa  a 

Finally,  the  possibility  of  reversing  the  assignment  of  n  was 
considered,  and  it  was  demonstrated  by  example  that  this  can  result  in 
better  team  performance.  The  underlying  principle  that  leads  to  this 
conclusion  is  of  general  importance.  It  is  that  processing  load  and 
performance,  though  dependent  on  the  same  fundamental  quantities,  are 
distinct,  and  two  operating  points  that  are  indistinguishable  from  the 
point  of  view  of  performance  may  be  significantly  different  when 
processing  load  requirements  are  taken  into  account. 


( 
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A. 4  Special  Case 


To  further  highlight  particular  nechanisDS  of  ho*  one  aiember  can 
affect  the  other  and  also  teas  perforatance ,  consider  the  following  special 
case.  Suppose  that  the  aecond  Bember's  processing  tiae  is  independent  of 
the  threshold  positions,  but  that  it  takes  longer  to  use  threshold  t,, 
than  t,j.  Also,  assuae  that  the  switching  overhead  for  the  second  aeaber 
is  significant  and  that  the  deadline  r,  affects  the  use  of  t^^  but  not 
that  of  t,^.  That  is,  aatheaatically  assuae  that 


=  OJ  »so  > 


(A. 40) 


Finally,  assuae  that  the  first  aeaber's  constraint  is  not  active.  For 
this  special  case,  Problea  A1  can  be  suaaarized  in  teras  of  Figure  A. 12. 


Figure  A. 12  Illustration  of  Special  Case  Solution 

Since  Tp,  is  independent  of  variation  is  due  entirely  to 
variation  in  q, ,  which  is  deterained  by  the  first  teaa  aeaber  through 
placeaent  of  t^.  The  dependence  of  Tp,  on  q,  is  shown  in  the  left  part  of 
Figure  A. 12.  The  relationship  between  Tp,  and  input/output  accuracy  is 
ehown  in  the  right  part  of  the  figure.  Secall  froa  eq.(A.ll)  that  a  given 
value  of  Tp,  deteraines  a  locus  of  f  values  as  a  function  of  t^.  With  t^ 
*  T,,  a  specific  operating  point  on  this  locus  is  selected.  As  q,  aoves 
froa  0  to  1,  the  resulting  Tp,  values  trace  out  feasible  operating  points 
in  the  right  part  of  the  figure,  aoving  froa  a  to  b  and  back  to  c.  Each 
point  on  this  locus  has  a  ainiaua  detection  error  probability,  which  is 
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obtained  by  aolntion  of  the  inner  stage  of  the  ainiaiizat ion .  The  overall 
aolntion  thus  becoaes  a  aatter  of  searching  over  t^^  (and  consequently  over 
q^)  values. 

An  interesting  feature  of  the  ainiaization  in  this  special  case  is 
that  the  tradeoff  between  speed  and  accuracy  required  for  the  second 
aeaber  is  governed  entirely  by  the  first  aeaber.  Fnrtheraore,  a  reduction 
in  Tpj  depends  aostly  on  reducing  the  switching  frequency.  If  t*  is 
aoaewhere  near  0,  then  q,  s  0.5  and  the  optiaization  problea  is 

essentially  one  that  anst  weigh  two  alternatives:  either  (a)  degrade  the 

first  aeaber's  quality  of  processing  by  adjusting  t^  in  order  to  reduce 
the  second  aeaber's  switching  load  and  thereby  iaprove  f;  or  (b)  accept  a 
lower  input/outpnt  accuracy  of  the  second  aeaber  in  favor  of  retaining  a 
higher  quality  of  processing  by  the  first. 

Once  the  solution  is  obtained,  the  thresholds  will  be  set  at  the 
solution  values  and  the  teaa  will  presuaably  operate  as  aodeled.  To 

illustrate  how  processing  load  and  performance  can  interrelate,  suppose 
that  after  the  teaa  has  been  set  into  operation  the  constraint  on  the 
first  aeaber  becoaes  binding,  say  due  to  external  factors  that  reduce 
As  per  design,  the  teaa  aeaber  can  resort  to  guessing  to  meet  the 

constraint.  Figure  A. 13  shows  a  trajectory  in  the  (Poo'Pzz^  plane  that 


-t' 
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0  Po 

Figure  A. 13  Illustration  of  Special  Case  Operation 

corresponds  to  Increasing  q^  for  two  biases  in  guessing.  Point  H 
corresponds  to  the  Problem  A1  solution  operating  point  (with  t^  * 
Points  S  and  T  correspond  to  completely  random  operation  with  guessing 
biases  of  O.S  and  0.0,  respectively.  The  locus  of  where  q,  >  0.5  has  also 
been  shown. 
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As  q,  increases,  the  operating  point  aioves  away  from  H  to  either  S  or 
7.  Becanse  the  movement  is  toward  the  diagonal  'gnessing*  line,  team 
performance  will  generally  be  worse.  A  significant  qnalitative  difference 
is  apparent,  however.  Along  the  trajectory  BS,  is  increasing  and  in 
fact  comes  to  rest  where  switching  frequency  is  at  its  maximum. 
Performance  thus  not  only  degrades  because  of  changes  in  J  but  also 
because  of  an  increase  in  q, .  Along  the  trajectory  BY,  however,  first 
rises  due  to  the  increase  in  switching,  but  decreases  as  switching 
overhead  goes  to  zero.  In  this  case,  the  contribution  to  performance 
degradation  due  to  input/output  errors  is  less.  These  two  cases 
illustrate  instances  where  rising  processing  load  leads  to  worse 
performance,  as  well  the  aitnation  where  decreasing  processing  load  also 
leads  to  worse  performance.  Furthermore,  two  operating  points  (S  and  7) 
have  been  identified  where  the  first  member  passes  no  information  to  the 
aecond,  yet  which  have  significantly  different  affects  on  the  second 
member's  processing  load.  Thus,  even  in  this  simple  example,  a  variety  of 
workload/performance  relationships  are  possible,  which  underscores  the 
importance  of  identifying  and  understanding  how  workload  affects 
performance  in  more  complex  team  problems. 


A. 5  Appendix  Summary 

This  appendix  has  demonstrated  that  the  addition  of  processing  time 
constraints  to  a  team  theoretic  problem  modifies  i.eam  operation.  In 
particular,  partially  random  behavior  by  team  members  can  be  optimal, 
either  by  a  member's  choice,  through  the  selection  of  an  option  to  guess; 
or  by  design,  through  selection  of  thresholds  such  that  processing  time 
exceeds  a  deadline,  which  in  turn  makes  processing  errors  more  likely. 

A  variety  of  relationships  between  individual  processing  load  and 
team  performance  has  also  been  shown  to  be  possible  or  even  desirable, 
including  one  in  which  each  member  in  effect  reverses  his  interpretation 
of  the  signal  that  is  passed  from  one  to  the  other.  Though  the  net  result 
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APPENDIX  B 


Sopport  of  Existence  Proof 


This  appendix  contains  the  details  of  the  organisation  design  carried 
ont  in  Chapter  S.  The  appendix  is  organized  according  to  the  phases  of 
the  design  process.  The  first  section  docnaents  the  analytic  organization 
strnctare  for  the  design  (Phase  I).  The  second  section  describes  the 
details  of  decision  rule  iaplenentations  (Phase  II).  Finally,  a  third 
section  integrates  design  eleaents  (Phase  III)  and  includes  the  results  of 
various  tests  conducted  on  the  organization  design. 


B.l  Analytic  Organization  Structure 

The  organization  atructure  used  for  the  detection  tasli  is  that  of  a 
tvo-aeaber,  tandea  distributed  detection  network,  as  shown  below  in  Figure 
B.l  (also  Figure  5.2).  The  specific  values  of  paraaeters  used  in  the 


Figure  B.l  Organization  Structure 

axaaple  design  are  given  Table  B.l.  The  decision  rules  that  ainiaize 
organization  detection  error  probability  are  known  to  be  threshold  tests 
whose  fora  is  given  in  e4.(S.5).  Using  the  specific  values  given  in  Table 


Table  B.l  Organization  Paraaeter  Values 


*  -  Bj,  *  0.8  Oj  »  0.8 

B,j  2.0  o,  -  1.5 

p,  «  0.4  Pj  =  0.6 


B.l,  the  decision  rule  thresholds  for  each  aeaber  are 

t»  -  -  0.05  (B.l) 

for  the  first  aeaber  and 

t;,  -  0.75  (B.2) 

t}^  -  -  1.12  (B.3) 

for  the  aecond  aeaber.  Recall  that  deciaion  rnles  represent  ideal 
behavior  of  organization  aeabers.  If  this  behavior  were  to  be  realized  in 
the  present  case,  organization  detection  error  vonld  be  0.06.  That  is, 
the  analytic  organization  structure  for  the  design  yields 

-  0.06  (B.4> 

B.2  Decision  Rule  lapleaentat ions 
B.2.1  First  Organization  Meaber 

Task  Situation 

The  first  organization  aeabcr'a  decision  rule  is  iapleaented  as 
illustrated  in  Figure  B.2  (alao  Figure  5.3).  The  aeaber  is  positioned 
before  a  CRT  that  alvaya  displays  the  square  border  and  the  circular  dial. 
The  threshold  t^  is  also  continuously  displayed  as  a  vertical  line  whose 
horizontal  coordinate  is  the  selected  value  of  t..  An  observation  is 


Figure  B.2  First  Member  Tetk  Situation 


displayed  as  the  pattern  shown  in  the  figure;  horizontal  pattern  position 
is  such  that  its  midpoint  correaponds  to  the  valne  of  y^.  The  display 
border  is  dimensioned  to  be  10  units  (about  6  inches)  on  a  side,  with  its 
upper  right  and  lower  left  corners  corresponding  to  the  (5,5)  and  (-5,-5) 
coordinates,  respectively. 

The  dial  at  the  top  of  the  task  display  is  used  to  indicate  the 
number  of  observations  waiting  to  be  processed.  According  to  the  design, 
the  member  mutt  maintain  an  established  rate  of  processing.  The  dial 
position  advances  clockwise  as  the  number  of  observations  waiting  to  be 
processed  grows.  The  two  mechanical  buttons  that  serve  as  a  response 
mechanism  are  mounted  horizontally  in  a  hand-held  panel. 

Information  Processing  Model 

It  is  desired  to  develop  a  description  of  human  behavior  in 
accomplishing  the  task  shown  in  Figure  B.2.  The  description  is  to  include 
a  characterization  of  the  realized  input/output  behavior,  as  well  as  the 
processing  time  required  to  perform  the  task.  The  member  has  been  given 
two  options  for  processing  patterns.  The  first  is  to  view  the  pattern 
carefully  and  to  respond  according  to  its  position  with  respect  to  the 
threshold.  A  second  option  is  to  essentially  ignore  the  pattern  and  to 
respond  arbitrarily.  These  options  have  been  labelled  as  Stimulus 


Controlled  Responses  (SCR)  and  Fast  Gnesses  (F6) ,  respectively,  and  the 
information  processing  model  mast  take  both  of  them  into  account. 

Consider  first  the  description  of  hnman  behavior  when  exercising  only 
the  SCR  option.  An  information  processing  model  was  developed  for  this 
option  as  follows.  In  preliminary  sessions,  snbjectt  were  given  ample 
experience  with  the  task  sitnation  and  with  processing  patterns  at  a 
variety  of  threshold  settings.  Once  familiarity  had  been  established,  the 
responses  and  response  times  were  recorded  for  a  sequence  of  experimental 
conditions.  Conditions  differed  only  in  their  threshold  setting.  For 
each  condition,  two  experimental  runs  were  conducted:  the  first  consisted 
of  SO  trials  and  the  second  had  150  trials. 

On  each  trial,  an  observation  value  was  generated  randomly 
according  to  its  underlying  distribution.  A  second  random  number,  x^^.  was 
also  drawn  from  a  N(0,1)  distribution.  To  begin  the  trial,  the  pattern 
was  displayed  horizontally  displaced  by  y^  units  and  vertically  displaced 
by  Xj  units.  The  subject  then  viewed  the  pattern  and  judged  it  left  or 
right  with  respect  to  the  threshold,  registering  the  judgement  by 
depressing  the  appropriate  mechanical  button.  The  pattern  then 
disappeared  and  an  interval  of  time  in  which  the  display  was  blank 
intervened  before  the  next  trial.  Blanking  time  was  of  random  duration, 
as  determined  by  a  number  drawn  from  a  distribution  that  was  uniform  on 
the  interval  [700,900]  ms. 

Subjects  were  instructed  to  respond  as  quickly  as  possible  without 
sacrificing  accuracy.  No  rate  constraint  was  imposed  (i.e.  the  dial  did 
not  move).  Observations  that  fell  within  Ay  units  of  the  threshold 
setting  were  adjusted  to  be  exactly  Ay  units  from  t^  before  they  were 
displayed.  This  was  done  to  prevent  the  situation  where  it  was  impossible 
to  judge  a  pattern's  position  with  respect  to  t^.  In  practice,  about  5% 
of  the  patterns  required  adjustment,  depending  on  the  particular  value  of 
tj  in  use  at  the  time. 

Data  was  obtained  from  two  subjects  using  the  above  procedure.  Five 


threshold  vslnes  were  selected  from  the  intervsl 


e  tsij,  -  Oj  .  +  Oj  1 


(B.S) 


For  the  noderlyiog  distribution  on  the  likelihood  thst  will  be 

within  (B.5)  is  about  0.85  out  of  1.00.  Table  B.2  lists  the  results 


Table  B.2  Observed  SCR  Results 


Threshold  t^ 


Subject  HP 
*SCR  ®SCR  PSCR 


_  Subject  PO 
‘sCR  ®SCR  PSCR 


260 

104 

0.013 

252 

80 

300 

85 

0.040 

279 

77 

329 

99 

0.027 

290 

59 

331 

102 

0.027 

328 

94 

314 

83 

0.027 

281 

76 

274 

112 

0.020 

262 

100 

observed  for  the  second  run  of  ISO  trials.  Included  in  the  table  are  the 
average  response  tiae  in  milliseconds  the  standard  deviation  of 
response  times  the  fraction  of  errors  P^q^*  Figure  B.3  shows  a 


(ms)  4  ISO 


TKrctKolJ  Position 

(a) 


ThraakoH  Position 

(b) 


Figure  B.S  Average  SCR  Tiae  vs.  t^  (a)  Subject  NP  (b)  Subject  PO 

plot  of  t^(j2  versus  threshold  position  t^.  From  the  results  shown,  it  is 
evident  that  SCR  tiae  decreases  as  the  uncertainty  decreases  in  the 


response  required.  Furthermore,  there  is  e  significant  variation  in  t^^^ 
as  tj  ranges  over  the  interval  given  in  (B.5).  Finally,  the  error  rate  in 
judging  patterns  is  consistently  small  across  the  test  conditions. 

Given  the  results  observed,  the  following  description  will  be 
established  for  the  SCR  option: 

^SCR  °  ^SCR  (iven  in  Figure  B.3  (B.6) 

!if  y.  2  t.  u  =  1  wp  1 
else  u  =  0  wp  1 

Eq.(B.6)  assumes  that  values  of  t^^^  for  intermediate  choices  of  t^  can  be 
obtained  by  interpolation.  Eq.(B.7)  effectively  assumes  that  human 
input/outpnt  behavior  is  error-free.  This,  of  course,  is  not  evident  in 
the  data,  but  error  rates  are  considered  sufficiently  low  to  justify  this 
idealization  within  the  model. 

The  second  option  provided  to  the  member  was  that  of  fast  guessing. 
Operationally,  this  corresponds  to  ignoring  the  pattern's  actual  position, 
and  only  responding  to  its  appearance  on  the  CRT.  To  determine  a 
processing  time  characterization,  subjects  were  required  to  fast  guess  on 
all  trials  of  an  experimental  run,  that  is,  they  were  instructed  to 
respond  as  quickly  as  possible  to  the  pattern's  appearance.  It  is  here 
that  the  random  blanking  interval  between  trials  becomes  significant, 
since  it  forces  the  subject  to  wait  for  the  pattern  to  appear. 

In  order  to  distinguish  deliberate  fast  guesses  from  quickly-made 
stimulus-controlled  responses,  subjects  were  instructed  to  fast  guess  by 
depressing  both  response  buttons.  While  this  experimentally  dictated 
requirement  means  that  fast  guess  responses  are  not  really  arbitrary,  it 
is  of  little  consequence  from  the  first  members'  perspective.  When  the 
member  chooses  to  fast  guess,  execution  of  this  option  is  to  respond 
"somehow”  as  quickly  as  possible.  Whether  this  is  by  single  or  donble 
button  push  is  not  important  to  him.  Since  donble  button  pushes 


nnanbiguoDsly  register  fast  guesses,  the  experimenter  is  effectively  able 
to  control  the  fast  guessing  bias  by  assigning  n  =  0  or  1  to  these  double 
button  pushes  at  his  discretion.  The  ability  to  do  this  will  be  used 
later  when  the  organization  is  operated. 

Average  response  time  for  fast  guessing  tpQ  was  observed  to  be  within 
an  interval  as  shown  in  Table  B.3.  For  purposes  of  later  calculation 


Table  B.3 

Observed  Fast 

Guessing 

Results 

*FG 

Subject 

Interval 

Selected 

Value 

[175.1951 

[165.1851 


using  the  information  processing,  models,  a  specific  value  of  tpQ  has  been 
selected  for  each  subject.  Since  tpQ  is  much  lower  than  t^Q^,  it  is 
evident  that  considerable  leverage  is  possible  with  respect  to  reducing 
overall  processing  time  when  fast  guessing.  The  following  model  for  the 
fast  guessing  option  will  be  adopted: 


tpQ  from  Table  B.3 


(B.8) 


u  “  1  wp  1-gj 
u  •=  0  wp  gj 


(B.9) 


In  eq.(B.9).  the  parameter  g^  models  the  first  member's  bias  toward 
choosing  u  «  0  when  fast  guessing,  and  is  selected  by  the  experimenter. 


The  complete  information  processing  model  for  the  first  member  is 
obtained  by  combining  the  two  processing  options  according  to  their 
relative  frequency  of  use.  If  the  fraction  of  fast  guessing  is  denoted  by 
q^,  then  overall  average  processing  time  and  inpnt/ontpnt  behavior  are 
expressed  as 


Tpi  =  +  ‘li'^FG 

k,  '  (l-q,)-kscR(t,)  +  q,-kpg  (B.ll) 

Usini  together  with  the  processing  rate  requirement  the  workload 

measure  and  workload  limit  for  the  first  member  are  given  as 

Wj  =  1  1  *  (B.12) 

The  validity  of  eqs.(B.ll)  and  (B.12)  as  an  information  processing 
model  has  not  been  established  at  this  point,  and  will  be  tested  when  the 
organization  is  operated.  A  key  factor  in  the  outcome  will  be  whether  the 
member  can  maintain  the  integrity  of  his  options  under  stress.  This  is 
partially  a  matter  of  training  and  therefore  an  explicit  part  of  the 
design.  Earlier  investigations  of  the  Fast  Guess  model  [28]  offer  evi¬ 
dence  in  support  of  human  capability  to  accomplish  a  task  of  the  present 
type  by  exercising  two  distinct  processing  options. 

B.2.2  Second  Organization  Member 

Task  Sitnation 

For  the  second  organization  member,  a  task  situation  that  implements 
a  two-threshold  decision  rule  is  required.  The  implementation  to  be  used 
is  shown  in  Figure  B.4  (also  Figure  5.5).  The  organization  member  is 
placed  before  a  CRT  that  continuously  displays  a  square  border.  Each  side 
of  the  square  measures  20  units  (physically  about  6  inches)  and  the  upper 
right  and  lower  left  corners  are  at  coordinates  (10,10)  and  (-10,-10), 
respectively. 

Depending  on  the  value  of  u  received,  one  of  two  display  t3npes  is 
used  to  present  an  observation  y, .  If  u  >  0,  the  threshold  t,,  is 
displayed  as  a  horizontal  line  whose  vertical  coordinate  is  the  value  of 
t,,.  The  observation  y,  is  then  displayed  as  a  dot  (actually  a  0.2  unit 
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Fignre  B.4  Second  Member  Tesk  Sitoation 


circle),  vhere  its  value  it  used  as  the  vertical  display  coordinate.  A 
complementary  display  type  is  used  if  u  *  1:  the  threshold  t,^  it  a 

horizontally  displaced  vertical  line  and  the  observed  value  of  y,  it  also 
ditpltyed  as  a  horizontal  coordinate.  The  organization  member  indicates 
his  response  to  each  observation  by  depressing  one  of  two  mechanical, 
horizontally-arranged  buttons.  If  the  dot  is  left  (t,^)  or  below  (t,,).  a 
left  button  response  it  considered  correct  (y,  <  t,j):  if  the  dot  is 
right  or  above  (t,,).  a  right  button  response  it  desired  (y,  1  fa,)* 

Because  of  the  time  allocation  in  the  design,  the  second  member  is 
viewed  at  operating  under  the  pressure  of  a  deadline.  As  part  of  the  task 
situation,  the  organization  member  hears  a  short  tone  burst  when  the 
deadline  is  reached.  Thus  the  member  mutt  adjust  hit  processing  method  to 
that  he  responds  either  before  the  tone  burst  or  just  as  the  tone  is 
sounded . 


Information  Processing  Model 

I 

At  ditcntted  in  Chapter  S,  the  second  member  it  to  be  operated 
deliberately  in  an  overload  region.  Operationally,  this  meant  that 
processing  time  allowed  will  be  insufficient  compared  with  the  time 
)  required  to  complete  the  task  with  negligible  errors.  Figure  B.5  exhibits 
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Horiionfai  TKrctkold  Use 

Fisare  B.S  Average  Procestiag  Time  vs.  Threshold  Switching 

results  that  are  typical  of  the  processing  time  requirements  of  the  task. 
The  data  ahown  were  obtained  uaing  the  following  procedure.  Vith  t,,  ^ 
t,^  >  0,  several  experimental  runs  of  200  trials  were  conducted. 
Experimental  runs  were  dist ingni.shed  by  the  amount  of  threshold  switching 
required.  This  was  determined  by  the  value  of  q,,  which  is  the  fraction 
of  threshold  t^.'s  use.  On  each  trial  a  value  of  y,  was  generated 
randomly  from  an  N(0,2)  distribution.  A  second  random  number  was  also 
drawn  from  an  N(0,2)  distribution.  These  two  numbers  were  used  as  dot 
position  coordinates.  The  threshold  selected  for  a  given  trial  was 
determined  by  the  outcome  of  an  independent,  binary  (0,1)  random  variable 
with  probabilities  q,  and  I'q, ,  respectively.  Threshold  and  dot  were  then 
displayed  simultaneously,  and  the  response  and  response  time  were  recorded 
for  each  trial.  An  800  ms  blanking  time  intervened  between  trials. 

The  results  in  Figure  B.S  are  from  a  subject  who  has  been  instructed 
to  respond  as  quickly  as  possible,  but  correctly.  The  value  of  q,  was  not 
disclosed  except  to  indicate  whether  it  was  0,  1,  or  something  in  between, 
i.e.  all  horisontals,  all  verticals,  or  a  mixture.  Error  rates  of  about 
1-2%  were  observed  for  each  experimental  run.  General  characteristics 
evident  in  Figure  B.S  include  a  significant  amount  of  additional 
processing  time  for  switching,  and  also  a  difference  in  processing  time 
for  horizontal  and  vertical  threshold  displays.  These  characteristics 
will  be  evident  in  the  information  processing  model  that  is  developed. 
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When  the  organization  aiember  does  not  have  enough  time  to  complete 
the  task,  he  is  forced  to  trade  accuracy  for  speed.  In  the  present 

context,  if  the  deadline  is  selected  so  that  it  it  lets  that  the 

member  will  exhibit  a  decrease  in  inpnt/ontput  accuracy  as  a  consequence 
of  shortening  his  response  time  to  meet  the  deadline.  Furthermore,  as  the 
degree  of  overload  increases,  accuracy  will  continue  to  decrease.  This  is 
a  well-known  effect  from  cognitive  psychology  [31],  and  the  information 
processing  model  of  the  second  member  will  be  based  on  a  particular 

representation  of  it. 

The  specific  experimental  procedure  used  to  derive  the  second 
member's  information  processing  model  is  as  follows.  Over  several 

sessions,  data  were  collected  for  six  valnes  of  q^: 

q,  e  {0.0,  0.2,  0.5,  0.8,  0.9,  1.0)  (B.13) 

In  a  given  session,  experimental  runs  of  200  trials  were  conducted  at  each 
condition,  and  the  responses  and  response  times  were  recorded.  The 
generation,  selection,  and  presentation  of  observation  valnes  and 
thresholds  was  done  as  described  earlier.  In  addition,  the  deadline 

constraint  was  active  and  subjects  were  instructed  to  respond  fast  enough 
so  that  few  beeps  were  heard.  This  process  was  repeated  in  separate 
sessions.  The  order  in  which  conditions  were  presented  changed  in  each 
session,  and  various  deadline  values  were  used,  dependng  on  the  pro¬ 
ficiency  of  the  subject.  All  deadlines  were  selected  so  that  the  member 
would  be  overloaded,  and  several  deadlines  were  used  at  each  q,  condition 
for  each  subject  tested.  Over  several  sessions  (typically  three), 
hundreds  of  responses  were  collected  per  subject  per  q,  condition. 

To  construct  a  speed/accuracy  representation  using  the  data 
collected,  a  technique  based  on  that  of  Lappin  and  Disch  [32]  has  been 
nsed.  First,  all  responses  were  rank-ordered  by  response  time.  Then 
these  ordered  responses  were  partitioned  into  groups  containing  several 
hundred  trials  each.  An  average  response  time  was  calculated  for  each 
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Sronp,  and  the  nunber  of  erroneons  responses  within  each  ^ronp  was  also 
deterwined.  Finall7>  the  so-called  odds  ratio,  denoted  OR.  was  computed 
for  the  (Tonp  as  the  measure  of  accuracy,  where 


(B.14) 


Pew  [29]  has  suggested  that,  for  the  type  of  task  under  consideration, 
there  is  a  log-linear  relationship  between  OR  and  processing  time.  Using 
this  approach,  the  ordered  and  partitioned  data  for  each  q,  condition  have 
been  plotted  on  semi-log  coordinates  for  the  subjects  tested.  These  plots 
are  given  in  Figures  B.6-B.9. 


The  size  of  the  partitions  used  (PS)  has  been  recorded  in  each 
figure,  as  well  as  the  total  number  of  responses  (SS).  Note  that  the 
partition  corresponding  to  the  group  of  highest-valued  response  times  has 
not  been  plotted  for  all  subjects.  In  these  cases  the  response  time 
distribution  has  a  long  tail,  and  the  computed  average  response  time  and 
odds  ratio  are  not  good  approximations  for  a  specific  speed/accuracy 
point.  Partition  size  selection  is  not  critical  to  the  representation  of 
the  data.  A  number  of  different  sizes  have  been  tried,  with  minimal 
impact  on  the  information  processing  model  that  was  eventually  determined. 
The  partitions  finally  used  were  selected  to  give  a  reasonable  and 
representative  depiction  of  the  data  for  the  region  of  t^j  values  of 
interest . 


Subject  KB  is  the  author.  Thus  the  eventual  model  form  and  the 
expected  variation  with  respect  to  were  known  a  priori  to  this  subject. 
Even  so,  because  of  the  technique  used  to  develop  the  model,  it  it 
difficult  to  manufactnre  data  for  this  task.  Thus  the  data  obtained  from 
subject  KB  are  believed  to  not  be  uncharacteristic  of  the  task,  although 
they  do  represent  results  from  someone  who  has  had  considerable  practice 
at  the  task. 


From  the  figures.  It  is  evident  that  the  log-linear  model  is  a 
reasonable  first  order  description  of  human  behavior  at  the  task.  It  is 
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Figure  B.6  Speed/Accvracy  Data  for  Subject  TE 


00 


Figure  B.7  Speed/Accuracy  Data  for  Subject  PO 


Speed  (ms) 


also  apparent  that  the  value  of  q,  paraneterizes  the  level  of  accuracy. 
At  q,  ■■  0.  where  all  vertical  thresholds  are  used,  accuracy  is  highest. 
As  switching  increases,  up  to  q^  %  0.8,  accuracy  declines.  As  q, 
continues  on  to  1.0  (all  horizontals),  however,  there  is  aoae  iaproveaent 
in  the  general  accuracy  level.  This  characteristic  can  be  explained 
directly  in  tens  of  the  results  shown  in  Figure  B.S.  The  additional 
processing  tiae  required  to  switch  between  thresholds  and  the  fact  that 
horizontals  take  acre  tiae  than  verticals  aeans  that  for  a  given  t^  value, 
the  degree  to  which  a  aeaber  is  overloaded  depends  on  q, . 

Given  the  observed  results,  the  following  inpnt/output  description  of 
huaan  behavior  is  suggested  for  this  task  situation: 

^2  :  if  n  »  j  and 

In  words,  threshold  coaparison  tests  are  aade  correctly  a  fraction  l~qj  of 
the  tiae,  and  an  error  is  aade  on  a  fraction  q,  of  the  observations.  The 
value  of  q,  is  related  to  the  odds  ratio,  and  therefore  depends  on  q,  and 
tj.  In  particular,  define  the  quantity  f  to  be  the  natural  logaritha  of 
the  odds  ratio  and  generalize  the  definition  of  OR  to  be  in  teras  of  the 
probabilities  of  correct  and  incorrect  respot ses: 

(pr(correct)  \ 

-  I  (B.16) 

pr(iacorrect)/ 

Using  eq.(B.16),  the  observed  faaily  of  relationships  between  OR  and  tj 
can  be  linearized  and  expressed  analytically  as 

where  f^  is  the  slope  of  a  speed/accnracy  locus  and  t^Cq,)  effectively 
represents  the  t^  axis  intercept.  Since  by  definition 

pr( incorrect)  >  q,  (B.18) 


7j  i  tjj  » 
y,  <  » 


1  wp  l-q2 
0  wp  q, 


j  -  0.1  (B.15) 


eq.(B.16)  and  eq.(B.17)  are  related  according  to  the  expression 


The  qaantities  tad  are  paraaeters  that  aast  be  chosen  to  best 
represent  observed  behavior.  For  the  data  given  in  Figures 
Table  B.4  lists  estiaiates  for  these  paraaeters  that  have  >een  calcolated 


Table  B.4  Estiaates  of  Speed/Accnracy  Model  Paraaeters 


Condition  (q, ) 

Subject  TK 
^  ‘c 

Subject  PO 
^s  ^c 

Sub j  ec  t 

:  D 
tc 

0.0 

0.0235 

114 

0.0117 

-  35 

0.0217 

117 

0.2 

0.0229 

151 

0.0022 

-1020 

0.0190 

130 

0,5 

0.0179 

138 

0.0043 

-  325 

0.0152 

132 

0.8 

0,0174 

133 

0.0044 

-  284 

0.0142 

137 

0.9 

0.0273 

157 

0.0042 

-  352 

0.0143 

119 

1.0 

0.0291 

154 

0.0106 

-  6 

0.0209 
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using  a  least  squares  criterion.  It  is  assnaed  that  interpolation  can  be 
used  to  deteraine  a  value  of  q,  for  q,  values  that  are  between  the 
conditions  for  which  data  was  observed. 

In  calculating  the  aodel  paraaeters  for  subject  PO,  the  third  point 
in  the  q^  >  0.0  condition  has  been  neglected  as  unrepresentative  of  the 
subject's  behavior.  Its  exceedingly  high  OR  value  ateas  directly  froa  a 
single  run  of  200  trials  in  which  the  subject  was  extreaely  consistent  in 
response  tiae  and  also  highly  accurate.  Fnrtheraore,  it  is  questionable 
whether  the  accuracy  level  for  the  first  partition  of  conditions  0.2  and 


^Because  subject  JR  did  not  continue  on  as  an  oxganization  aeaber,  an 
inforaation  processing  aodel  for  hia  has  not  been  coapleted.  However, 
the  data  shown  in  Figure  B.9  have  been  included  as  additional  support  for 
using  the  log-linear  relationship  between  OR  and  tj  as  the  basis  for  the 
inforaation  processing  aodel  of  the  second  aeaber.  Such  support  can  be 
obtained  froa  inspection  of  the  figure. 


0.5  are  representative  of  actual  tendencies.  No  adjnstaient  has  been  Bade, 
however,  and  the  values  in  Table  B.4  include  their  effect. 

In  SUB,  the  inforBation  processing  Bodel  of  the  second  BCBber  is 
taken  to  be  that  of  eq.(B.13}.  where  q,  is  detenined  as  a  function  of  q, 
and  t^.  The  particular  Bodel  used  to  relate  these  quantities  has  been 
derived  froB  the  speed/accnracy  characteristics  observed  as  hUBsns  perfors 
the  task.  Two  characteristics  of  the  Bodel  are  iaplicit.  First,  it  is 
assuBed  that  changes  in  the  thresholds  t,j  do  not  affect  the 
speed/accnracy  loci.  Subsequent  operation  of  the  organization  will 
indicate  that  this  is  a  reasonable  assnaption.  Second,  the  speed/accnracy 
Bodel  is  such  that  a  particular  accuracy  level  is  associated  with  an  exact 
speed  of  response.  In  a  sequence  of  trials,  however,  each  response  will 
not  be  exactly  the  saae  speed.  Rather,  a  distribution  will  be  observed 
about  soBe  average  speed.  For  present  purposes,  it  will  be  assnaed  that, 
so  long  as  response  tiae  distributions  are  narrow,  it  is  valid  to  use  the 
Bean  value  of  the  response  tine  distribution  as  the  t^  value.  The 
alternative  is  to  use  the  response  tiae  distribution  to  compute  an 
"expected  value*  of  q, ,  which  introduces  needless  complexity  into  the 
mode  1 . 

B.3  Integration  of  Design  Elements  and  Test  of  Design 

The  information  processing  models  developed  in  the  previous  section 
can  be  viewed  in  two  ways.  On  one  level,  they  represent  generic 
descriptions  of  hnaan  behavior  at  the  respective  tasks.  On  a  second 
level,  however,  the  models  represent  specific  descriptions  of  how 
particular  individuals  have  behaved  when  performing  one  of  the  tasks. 
Given  the  two  viewpoints,  integration  of  design  elements  into  a  nominal 
organization  design  can  take  place  in  either  a  general  or  specific 
fashion.  Appendix  A  discusses  the  former.  In  this  section,  however, 
specific  individuals  will  be  paired  as  tesB  members,  and  nominal  organiza¬ 
tion  designs  will  be  determined  and  tested  in  terms  of  these  specific 


B.3.1  Integration 


A  noaiinal  design  for  the  organization  nnder  consideration  is  obtained 
as  the  solntion  to  Problea  CNO: 


Problem  CNO 


J.  ~  pr(detection  error) 


•t.  <  1 


Becanse  the  values  of  thresholds  t^j  do  not  affect  the  accuracy  of  the 
second  aeaber,  their  placeaent  depends  only  on  the  valne  of  P, ,  which  is 
the  joint  distribution  p(u.H)  (aee  Chapter  2).  In  fact,  t,^  can  be  placed 
at  their  noraative  values.  As  a  function  of  P,.  these  values  are  given  as 


2(0,)^  log(p,,/p„)  +  (a,,)^  -  (a,^)^ 
2<“so  -  “sx) 


(B.20) 


2<o,)^  “  t®sx^^ 

2<"s.  -  ■sx> 


(B.21) 


When  the  values  of  and  t*  are  selected,  P,  will  be  deterained  and 
consequently  t^,  and  t^^  as  veil. 

Froa  the  above  discussion,  it  is  evident  that  the  solntion  to  Problea 
CNO  reduces  to  searching  over  possible  t^  and  q^  values.  Results  froa 
Appendix  A  sharply  focus  this  search  to  include  only  those  (t^,q^)  pairs 
for  vhich  q^  >  0  or  for  vhich  foraer  corresponds  to  the 

situation  vhere  t^  is  such  that 


*SCR^*x^  -  *1 


(B.22) 


The  latter  case  occurs  when 


>  ‘'i 


(B.23) 


and  fast  guessinf  is  required  to  meet  the  workload  constraint. 

For  the  specific  organisations  to  he  considered,  is  set  at  260  as. 
Because  of  indiwidnal  aeaber  differences,  no  one  single  value  of  t,  has 
been  used,  and  values  of  t,  vary  between  230  and  260  as.  The  solution  to 
Problea  CNO  in  all  cases,  however,  is  such  that 


qj  «=  0.0  (B.24) 

tj  =  -  1.6  (B.25) 

This  in  turn  iaplies  that 

tf,*  2.46  (B.26) 

t®,*  -  0.32  (B.27) 


The  design  solution  in  eq. (B.24)*'eq. (B.27)  has  not  resulted 
accidently.  In  order  to  ensure  that  interesting  and  distinctive 
predictions  about  organization  behavior  could  be  aade,  values  of 
paraaeters  were  chosen  so  that  the  noainal  organization  would  have  certain 
desired  qualitative  characteristics.  In  particular,  was  chosen  saall 
enough  so  that  a  significant  aaount  of  fast  guessing  would  be  required  if 
tj  were  left  at  t$.  Furtheraore,  the  value  of  t,  and  the  relative 
fidelity  of  each  aeaber's  observations  have  been  selected  so  that  it  would 
be  highly  desirable  for  the  second  aeaber  to  operate  at  the  greatest 
possible  accuracy  level.  Given  these  conditions,  the  optiaal  tradeoff  is 
to  ainiaize  q,,  which  places  t®  at  -1.6.  Indeed,  if  a  valid  aodel  had 
been  constructed  for  t^  <  -1.6,  the  optiaization  would  have  put  t^  at  a 
still  saaller  value  in  order  to  decrease  q,  even  further.  As  it  is, 
however,  the  conditions  selected  will  provide  a  rich  enough  set  of  test 
points  that  can  be  used  to  ezaaine  the  aethodology’s  viability. 
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This  section  presents  the  resnlts  obtsined  from  opereting  the 
detection  organization  under  several  test  conditions  nsing  varions  teaas. 
Each  test  vas  conducted  nsing  the  saae  general  ezperiaental  procedure.  A 
key  feature  of  the  procedure  is  that  the  operation  of  the  first  aenber  is 
separated  in  tiae  froa  that  of  the  second  aeaber.  This  is  possible 
because  there  is  no  feedback  between  organization  aeabers,  i.e.  there  are 
no  loops  in  the  inforaation  flow  of  the  organization.  Aaong  other  things, 
the  ability  to  decouple  the  organization  siaplifies  the  ezperiaental  setap 
by  allowing  the  saae  equipaent  to  be  used  for  both  aeabers. 

Given  the  ezperiaental  device  of  separating  organization  aeabers  in 
tiae,  the  process  of  conducting  a  test  of  organization  operation  proceeded 
as  follows.  First,  a  sequence  of  values  that  designate  the  underlying 
presence  or  absence  of  H  was  generated  according  to  the  distribution 
(p,,p^)  *  (0.4, 0.6).  The  first  organization  aeaber  was  then  operated 
nsing  this  sequence  and  his  responses  were  recorded.  Becall  that  they 
can  be  of  three  types:  left  button  pushed  (u^) ,  right  button  pushed 
(n«l),  or  both  buttons  pushed. 

At  soae  later  tine,  the  second  organization  aeaber  was  then  operated. 
In  doing  so,  the  saae  H  sequence  was  used  as  a  basis  for  generating 
observations  y^.  Fnrtheraore,  the  responses  of  the  first  aeaber  were  used 
to  select  the  threshold  for  the  second  aeaber.  Prior  to  actual  operation, 
however,  the  ezperinenter  assigned  an  interpretation  to  the  first  nenber's 
double-button  pushes  and  thereby  selected  the  fast  guessing  bias  of  the 
first  aeaber.  Besponses  of  the  second  aeaber  were  then  recorded  as  he  was 
operated.  Since  they  also  represent  detection  decisions  of  the 
organization,  they  were  later  coapared  with  the  underlying  H  sequence  to 
obtain  the  detection  error  rate  realized  by  the  organization. 


In  the  following  paragraphs,  the  three  basic  test  conditions  for  each 
organization  are  outlined.  Next,  results  of  operating  the  first  Beaber 
are  presented  and  discussed.  Finally,  apecific  organizations  are  fonaed, 
predictions  about  their  behavior  at  the  three  test  conditions  are  aade. 
and  results  of  operation  of  the  organizations  under  these  conditions  are 
presented  and  discussed. 

Test  Conditions 

To  evaluate  the  ability  of  the  methodology  to  predict  operating 
behavior  of  an  organization,  three  operating  points  have  been  selected  for 
testing  purposes.  One  is  the  honinal  organization  design  point.  At  this 
point,  fast  guessing  by  the  first  aeaber  is  predicted  to  be  unnecessary 
and  organization  performance  is  (by  definition)  predicted  to  be  better  at 
this  point  than  at  any  other  feasible  operating  point.  This  condition  is 
designated  at  Test  Condition  1. 

An  additional  pair  of  test  conditions  is  obtained  by  leaving  the 
thresholds  of  both  aeabers  at  their  respective  normative  values.  Since 
tsc]{(t$)  >  guessing  it  predicted  to  be  necessary  by  the  first 

aeaber  in  this  case.  Moreover,  the  bias  in  guessing  will  presumably  have 
an  effect  on  the  operation  of  the  second  aeaber.  If  g^  *  0.5.  then  as  the 
fast  guessing  level  increases  the  second  aeaber  will  tend  to  use  each 
threshold  on  a  more  or  less  equal  basis.  If  gi  “  0.0.  however,  increases 
in  fast  guesting  will  tend  to  increase  the  relative  usage  of  the  vertical 
threshold.  If  the  level  of  fast  guesting  it  significant,  there  will  be  a 
noticeable  difference  in  the  effect  of  different  g^  values  on  the 
input/output  processing  accuracy  of  the  second  aeaber  (and  also  on 
organization  performance).  Since  the  value  of  g^  ig  controlled  by  the 

experimenter,  operating  with  tg  *  tl,  tgj  *  tf  j .  and  gx  “ 
represents  a  pair  of  realizable  test  conditions.  Both  of  these  conditions 
will  be  used  as  test  points  for  organization  operation. 

The  three  test  conditions  are  suaaarized  in  Table  B.5.  In  general. 


Table  B.5  Organization  Test  Conditions 


Nnaiber 


Thresholds 


Noaihal  Design:  t 


Noraiat  ive 


Noraative 


FG  Bias  (a.) 


the  qualitative  characteristics  of  organization  operation  are  predicted  to 
be  as  follows  (the  superscript  designates  the  test  condition): 


c  s  .  a 
q,  =  *  0 


(B.28) 


1  ,  a  >  I 

qa  <  qa  <  qa 


(B.29) 


<  J*  <  J* 
0  *^0  “'o 


(B.30) 


Subsequent  tests  using  specific  individuals  will  assign  values  to  the 
quantities  in  eqs . (B.28)-(B.30)  against  which  observed  results  can  be 
coq)ared . 

First  Neaber  Test  Results 


Because  of  the  structure  of  the  organization,  it  is  possible  to  test 
the  first  aeaber  without  activating  the  second.  This  has  in  fact  been 
done  using  the  two  subjects  for  which  inforaation  processing  aodels  were 
developed  earlier.  Data  for  each  test  was  collected  as  follows.  In 
previous  sessions,  subjects  had  becoae  accustoaed  to  operating  under  a 
rate  constraint  through  a  coabination  of  instruction  and  experience.  They 
were  instructed  to  exercise  their  two  processing  options  at  their 
diacretion.  but  to  keep  in  aind  that  fast  guessing  had  a  high-leverage 
potential  for  reducing  average  processing  tiae.  They  were  also  told  that 
their  aain  goal  was  to  use  the  SCR  option  aa  auch  at  possible  without 
sacrificing  the  quality  of  SCR  responses. 


To  reinforce  these  instrnctions .  e  payoff  function  was  conpnted  for 
each  experimental  run  under  a  rate  constraint.  A  reward  of  one  cent  was 
fiwen  for  each  correct  SCR  (i.e.  each  correct  single-button  response)  and 
a  penalty  of  25  cents  for  each  erroneous  SCR.  No  reward  or  penalty 
accrued  for  a  fast  guess,  and  a  substantial  penalty  (|S)  was  assessed  if 
the  member  fell  behind  in  processing.  Subjects  were  told  that  this 
penalty  would  not  be  assessed  as  long  as  the  dial  position  was  at  4 
o'clock  or  above  when  the  experimental  run  ended.  For  experimental  runs 
of  100-200  trials,  it  was  a  considerable  challenge  to  finish  with  a 
positive  payoff.  Although  no  money  actually  changed  hands,  the  payoff 
fnncti'^n  was  successful  in  re-lnforcing  the  verbal  instructions  given  to 
the  subject. 

The  specific  tests  of  first  member  operation  were  conducted  in  the 
same  respective  sessions  in  which  the  data  shown  in  Figure  B.3  were 
obtained.  Each  subject  was  placed  under  a  rate  constraint  of  =  260  ms, 
which  is  the  organization's  interarrival  time  for  observations.  Each  test 
conducted  included  two  experimental  runs.  The  first  consisted  of  100 
trials  and  the  second  had  ISO.  Results  for  the  second  run  are  shown  in 
Table  B.6.  Several  runs  were  made  at  each  organization  test  condition. 
Note  that  Test  Conditions  2  and  3  are  the  same  from  the  first  member's 
point  of  view.  The  second  column  in  the  table  labels  those  runs  that  will 
be  used  later  to  complete  the  operation  of  the  organization.  Finally,  in 
addition  to  the  specific  organization  test  conditions,  data  for  an 
intermediate  value  of  t^  were  obtained  from  subject  PO. 

A  key  consideration  in  the  operation  of  the  first  member  is  whether 
the  integrity  of  the  two  options  is  maintained  under  stress.  From  the 
data  shown  and  by  comparison  with  Table  B.2,  it  is  evident  that  this  is 
the  ease.  The  subjects  were  able  to  exercise  their  options  to  realize  an 
average  time  of  260  ms,  yet  the  time  taken  on  stimulus  controlled 
responses  remained  near  that  observed  when  the  rate  constrair^t  was  not  in 
effect.  In  particular,  except  for  a  small  fraction  on  one  test  run,  fast 
guessing  was  not  required  at  t,  -  -  1.6.  Furthermore,  the  error  rate  when 
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asing  the  SCS  optioo  did  aot  change  aobatantially .  A  certain  variability 
in  the  average  faat  gneaaing  time  ia  evident,  however.  Since  the  fraction 
of  faat  gneaaing  effectively  dependa  on  both  t^^  and  tpQ.  ita  value  it 
aenaitive  to  variationa  in  both  of  theae  qnantitiea.  It  happena.  however, 
that  thia  doea  not  anbatantially  affect  either  the  predictiona  or  reanlta 
regarding  organization  operation. 

Organization  Teat  Reanlta 


To  complete  the  teat  of  organization  operation,  reaponte  aeqnencea 
aaaociated  with  the  data  in  Table  B.6  were  naed  at  inpnta  to  the  aecond 
organization  member.  Becanae  of  the  decoupling  of  organization  membert.  a 
number  of  combinationa  of  individuala  at  teama  could  be  readily  teated. 
Table  B.7  liata  the  organizationa  that  were  teated.  They  are  deaijinated 
by  letter  and  are  diatinguiahed  not  only  by  their  membera.  but  alao  by  the 
particular  flrat  member  aequencea  uaed.  Note  that  Organizationa  E  and  F 
repreaent  two  teata  with  the  came  membert  and  alao  with  the  tame  firat 
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Ttble  B.7  Organizations  Tested 


First  Member  (Sequences) 


MP  (a,b) 


HP  (a.c) 


PO  (d.e) 


Second  Member 

(Target  t^) 


Ti:  (260) 


PO  (230) 


PO  (240)  D 

Efi  (240)  E,F 


member  sequences.  In  subsequent  discussion,  organizations  will  be 
referred  to  by  a  letter  and  by  the  test  condition;  for  example  A1 
designates  Test  Condition  1  of  Organization  A. 

Operation  of  tbe  second  organization  member  (and  thereby  of  the 
organization)  was  conducted  as  follows.  Based  on  tbe  proficiency  of  tbe 
particular  subject  a  'target*  value  of  T,  was  selected  sucb  that  tbe 
member  would  be  overloaded.  The  term  target  is  used  because  exact  control 
of  Tpj  was  not  possible  doe  to  the  nature  of  tbe  task  situation. 
Regulation  of  response  time  was  accomplished  by  choosing  the  'beep 
deadline”  of  the  auditory  mechanism  in  a  judicious  manner  based  on 
previously  observed  behavior  at  the  task.  That  is,  in  the  course  of 
developing  the  information  processing  model,  the  average  response  time  was 
observed  to  be  less  than  the  deadline  by  a  reliable  amount,  typically 
about  30-40  ms.  This  characteristic  was  used  to  set  the  auditory 
mechanism's  deadline  with  respect  to  the  targeted  t,  value  on  the  premise 
that  the  realized  T^^,  would  be  near  x,.  Targeted  values  of  x,  have  been 
included  in  Table  B.7. 


With  the  timing  deadline  selected,  the  thresholds  for  a  given 
condition  were  set  and  the  organization  member  was  given  the  opportunity 
to  adjust  his  operation  in  a  preliminary  run  of  ISO  trials.  A  run  of  450 
trials  followed,  which  constituted  the  test  run  of  the  particular 


organization  at  the  given  condition.  To  obtain  a  first  aiember  sequence  of 
450,  the  recorded  sequence  of  150  trials  was  used  three  times  in 
succession.  All  three  test  conditions  for  an  organization  were  condncted 
in  the  same  session. 

Tables  B.8-B.13  summarize  the  results  of  the  tests  for  the  six 
organizations  formed.  Columns  designated  "p"  contain  predicted  values: 
those  designated  ”o*  contain  observed  values.  Predicted  values  of  q,  are 
obtained  using  the  first  member's  information  processing  model.  Predicted 
values  of  q,  have  been  obtained  using  the  observed  values  of  T^,  as  the 
value  of  t^  in  the  second  member's  model.  This  was  done  to  compensate  for 
the  experimental  difficulty  in  regulating  the  second  member's  processing 
time,  even  though  the  target  values  of  x,  were  substantially  realized 
using  the  technique  described  earlier.  Finally,  in  the  predicted  values 
of  q^  and  the  last  digit  has  been  included  as  an  indication  only; 
three-place  accuracy  is  not  implied  or  claimed. 


Table  B.8  Organization  A  Test  Results 
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Table  B.9  Organization  B  Test  Results 
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There  are  eighteen  runs  of  450  trials  included  in  Tables  B.8-B.13. 
All  bnt  two  of  theai  represent  tests  in  which  the  second  aeBber  was 
operating  in  the  sane  node  and  frame  of  mind  that  was  apparent  when  the 
information  processing  model  was  developed.  The  exceptions  are  A1  and  A3, 
which  were  the  last  mns  that  subject  TK  completed.  Fatigue  and  eagerness 
to  quit  were  apparent  at  that  time  and  are  also  evident  in  the  data. 

In  considering  the  results  shown  in  the  tables,  there  are  two 
comparisons  to  be  made.  The  first  is  whether  the  observed  values  match 
those  that  were  predicted  from  the  models.  The  second  is  whether  observed 
values  are  in  the  relative  order  predicted.  Except  for  the  anomalies  of 
Organization  A,  the  relative  ordering  is  as  predicted  in  all  cases.  This 
is  particularly  significant  with  respect  to  the  organization's 
performance,  since  it  indicates  that  the  nominal  design  selected  by  the 
methodology  does  in  fact  have  superior  performance  than  if  thresholds  were 
assigned  their  normative  values. 

Of  the  six  organizations  tested,  the  results  for  B  are  perhaps  the 
most  eucouraging  overall,  both  in  relative  and  absolute  terms.  There  it  a 
clear  separation  in  the  performance  observed  for  the  three  test 
conditions,  which  matches  well  with  the  absolute  values  predicted. 

Consider  now  Organizations  C  and  D,  which  both  used  Subject  PO  at  the 
second  member.  There  it  somewhat  less  agreement,  in  absolute  terms,  of 
predicted  and  observed  results.  This  can  be  explained  as  follows.  A 
generally  higher  q,  value  than  predicted  hat  been  observed  across  all 
conditions  in  both  of  these  organizations.  This  suggests  that  the  model 
for  PO  is  not  representative  of  actual  behavior.  A  review  of  Figures  B.6- 
B.9  indicates  that  Subject  PO's  information  processing  model  it  perhaps 
the  least  accurate,  and  that  further  refinement  night  be  warranted. 

The  discrepancy  in  predicted  and  observed  performance  values  for 
organizations  C  and  D  is  due  largely  to  the  increase  in  q,.  From  Appendix 
A,  it  it  known  that  Jo  can  be  written  at 
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J©  -  (l-2q,)-J  +  q. 


(B.31) 


where  J  is  fixed  for  given  t,j  velnee  and  given  behavior  of  the  first 
organisation  Beaber.  Its  valne  is  on  the  order  of  0.1.  Thus,  according 
to  aq.(B.31),  any  variation  In  q,  will  appear  approziaately  as  an  additive 
variation  in  J©.  In  view  of  this,  comparison  of  the  differences  in  the  p 
and  o  colnans  of  J©  with  corresponding  differences  for  q,  in  Organisations 
C  and  D  indicates  that  this  effect  is  indeed  evident  in  the  result 
observed,  and  furthermore  accounts  for  a  significant  fraction  of  the  J© 
differences. 

For  Organzations  E  and  F,  in  which  the  author  was  the  second  member, 
it  is  worth  noting  to  what  degree  the  predicted  results  could  be 
manufactured.  With  respect  to  input/output  errors  it  is  certainly  true 
that  the  desired  relationship  of  q^  can  be  kept  in  mind  as  the  task  is 
being  performed.  However,  it  is  also  true  that  in  a  run  of  450  trials 
(about  8  minutes  long),  one  easily  loses  track  of  the  beginning,  cannot 
anticipate  the  end  and  has  a  good  deal  of  difficulty  in  counting  errors 
while  trying  to  concentrate  on  the  task.  Moreover,  the  organisation's 
performance  cannot  be  inferred  except  by  analysis  that  occurs  following 
the  run.  Therefore,  the  incentive  is  for  Subject  EB  to  operate  as 
consistently  as  possible  in  order  to  achieve  a  fair  test.  Also,  as 
mentioned  earlier,  the  author  is  by  far  the  most  practiced  of  any  of  the 
subjects.  This  Includes  an  earlier  test  of  the  organization  using  a  run 
of  300  trials  at  each  condition,  which  proved  inconclusive  because  it  was 
too  short. 

Taken  as  a  whole,  the  results  that  have  been  obtained  substantially 
agree  with  those  predicted.  The  first  organization  members  were  able  to 
maintain  the  integrity  of  their  options  under  stress.  In  particular,  fast 
guessing  was  not  required  for  nominal  organization  operation.  Given  the 
conditions  established  by  the  first  member  for  the  second,  the  latter 
operated  as  anticipated.  In  particular,  variation  with  respect  to  q,  in 
the  second  member's  behavior  was  relatively  as  predicted.  Both  of  these 
results  attest  to  the  validity  of  the  information  processing  models  for 
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